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ABSTRACT 
Hydrogels are a unique class of materials. The combination of many outstanding properties, 
including stimuli-responsiveness, elasticity, transparency, porosity, high water content, 
biocompatibility and the ability to immobilize functional species, makes hydrogels attractive 
multifunctional materials for a broad range of applications. This dissertation focuses on 
modulating hydrogel properties for applications in molecular sensing and transport.  
There are two focus areas under the hydrogel theme within this dissertation. The first area is 
focused on the design, synthesis, and characterization of hydrogel glucose sensor materials with a 
liner fast response, small hysteresis and good stability under simulated physiological conditions. 
The first step is to study the interactions of glucose with phenylboronic acid (PBA), which is the 
glucose sensing functionality inside hydrogels. We find that (i) linear and slow responses are 
observed on hydrogels containing PBAs of low reactivity to glucose, (ii) linear and slow responses 
are coupled, (iii) the intramolecular ring formed in such PBAs is responsible for the low reactivity, 
(iv) PBAs of low pKa generally lead to low sensitivity, (v) hydrogels containing PBAs without 
intramolecular ring show fast and nonlinear response, (vi) nonlinear and fast responses are coupled, 
(vii) 1:1 and 2:1 PBA-glucose complexes exist universally in PBA-modified hydrogels and their 
coexistence leads to the nonlinear response. 
Based on these observations, a linear and fast sensor design is developed by tailoring the 
binding of nonlinear PBAs with glucose. A volume resetting agent is incorporated into the PBA-
modified hydrogels to crosslink the PBA moieties and shrink the hydrogel volume in the absence 
of glucose. When glucose is present, the crosslinks are displaced into 1:1 PBA-glucose complexes, 
leading to a linear volume expansion. The coexistence of 1:1 and 2:1 PBA-glucose complexes 
during glucose sensing is largely eliminated. The sensor performance in terms of sensitivity, 
dynamic range, kinetics, hysteresis and stability is evaluated under simulated physiological 
conditions. The structure-property correlation of the sensor material is studied to allow 
customizing the sensor performance for different applications.  
The second primary area of this dissertation focuses on developing autonomic hydrogel 
materials that can manipulate molecular transport without external input. To anisotropically move 
molecules, enthalpy gradients are incorporated into the hydrogel. The molecules of interest 
undergo a downhill movement to lower enthalpy locations in the hydrogel, enabling the spatial 
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control of molecular transport, even when such directed transport leads to the concentration of 
molecules. The enthalpy of molecules is essentially from interactions with the chemical gradients 
built inside the hydrogel medium. The chemical gradients are fabricated by localized chemical 
modification of hydrogels. The diffusion of reactive species inside hydrogel enables a gradual 
variation in the hydrogel chemical composition. With varied fabrication conditions, chemical 
gradients of different functionalities, strengths and geometries can be generated. The gradient 
functionality can be tuned to interact with molecules of interest, generating a chemically specific 
enthalpy gradient. Enthalpy gradients of electrostatic and supramolecular interactions are selected 
to study the gradient-driven molecular transport. Directional gradients can anisotropically 
transport molecules several millimeters over a few hours. The directed concentration of molecules 
is demonstrated by radially symmetric gradients. By varying the structural parameters of radially 
symmetric gradients, such as gradient width and binding constant with molecules, the directed 
concentration performance is modulated. Using enthalpy gradients based on different types of 
chemical interactions, molecular separation is achieved on a binary mixture. In general, the 
molecular transport performance depends on the hydrogel structure, enabling the flexibility in the 
design of autonomic materials that can manipulate a broader range of molecules. 
This dissertation explores the structure-property correlation of hydrogel materials. Two 
important aspects of hydrogel properties, stimuli-responsiveness and diffusion medium, are both 
studied in this dissertation. The interactions of functionalized hydrogels with molecules of interest 
can be used to regulate the materials performance. By a rational design of the hydrogel chemical 
structure, molecular sensing and transport can be precisely achieved. 
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CHAPTER 1 
INTRODUCTION 
 
1.1 Overview of Hydrogel Systems 
Hydrogels are water-swollen crosslinked polymers. The polymer network immobilizes water, 
and provides mechanical integrity and elasticity to the hydrogel system. The huge library of 
hydrogel chemistry offers possibility to implement desired functionalities in hydrogel systems. 
Water molecules are immobilized inside hydrogel via interactions with the polymer network and 
among themselves. The immobilized water comprises two forms, bound water and bulk water [1]. 
Water molecules that hydrate the most polar and hydrophilic groups are bound with the hydrogel 
matrix; those imbibed by the hydrogel after saturation with bound water are referred to as bulk 
water, which fills the space between polymer chains. The immobilized water provides an aqueous 
environment for molecular diffusion and chemical reactions inside hydrogel.  
Hydrogels can be constructed using many methods, such as (i) crosslinking copolymerization 
with multifunctional comonomers, (ii) crosslinking polymers with reactive groups, (iii) 
crosslinking polymers under high-energy irradiation, (iv) polyelectrolyte complexation, (v) block-
copolymer self-assembly [2]. In principle, any sufficiently hydrophilic polymer that is chemically 
or physically crosslinked can serve as the hydrogel matrix [1].  
Hydrogels have been intensively studied during the past few decades due to their intriguing 
properties, such as responsiveness, elasticity, transparency, porosity, high water content, 
biocompatibility, ability to immobilize functional species and low tension at the gel-solution 
interface, which have led to the use of hydrogels for various applications [1-4]. The volume phase 
transition is the most important mechanism for the stimuli-responsiveness of hydrogels. When 
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synthesized or modified with functionalities, the hydrogel can either swell or shrink in response to 
changes in the environment, e.g. pH, ionic strength, temperature, UV light, magnetic field, 
mechanical forces, chemicals and a combination of a multiple stimuli [2, 5-9].  The interactions of 
immobilized functionalities with stimuli in environment result in the conformation change of the 
polymer network, which is expressed as the change in hydrogel volume. The volume change can 
further modulate properties of the hydrogel-based materials, which can be quantitatively correlated 
with changes in stimuli. Therefore, stimuli-responsive hydrogels are widely utilized as actuator 
and sensor materials. Hydrogels are also important for biomedical applications, including delivery 
of therapeutic agents and tissue engineering scaffolds [10-13]. To provide morphology-related 
properties, hydrogel can be made into colloidal particles, thin films and patterns [14-18]. Due to 
all the unique attributes as described above, hydrogels are hypothesized as the environment where 
life started to form on the earth [19]. 
1.2 Hydrogel-Based Sensor Materials 
The stimuli-induced volume change makes hydrogel irreplaceable sensor materials. 
Thermodynamically the hydrogel volume change is governed by the change in total osmotic 
pressure, which is the volume derivative of the change in total Gibbs free energy (ΔGtot). ΔGtot is 
the sum of changes in mixing free energy (ΔGmix), elastic free energy (ΔGelas) and electrostatic free 
energy (ΔGion). ΔGmix originates from the interactions of water with the polymer network, which is 
reflected by Flory-Huggins parameter χ. The hydrophilic hydrogel matrix tends to expand in water 
toward an infinite dilution. The crosslinks restrict the expansion by exerting a retraction force. The 
tendency of restoring the polymer chains to Gaussian conformation in the hydrogel is expressed 
as ΔGelas. For polyelectrolyte hydrogels, ΔGion has two major contributors, change in osmotic 
pressure induced by counterions immobilized by the charged polymer network and the electrostatic 
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interactions among all charged species. In principle, any stimulus that varies the total Gibbs free 
energy can change the hydrogel volume. 
To construct sensor materials, hydrogel volume needs to be transduced into signals that can 
be accurately quantified. In one method, photonic crystals which diffract light are embedded inside 
a hydrogel to enable an optical readout of its volume [20]. Photonic crystals are periodic (one to 
three dimensional) structures of materials of different refractive indices. Once fabricated inside a 
stimuli-responsive hydrogel, the hydrogel volume change can vary the periodicity of the photonic 
crystal, which is expressed as a shift of diffracted light. By tuning the diffracted wavelength into 
visible light range, the wavelength shift is observed as a color change of the photonic hydrogel 
sensor material, making the change in stimuli detectable to naked eyes.  
Hydrogel inverse opals, which contain highly organized interconnected spherical pores, are 
widely studied as colorimetric sensor materials. The hydrogel matrix is designed to change volume 
in response to external stimuli while the pores transduce the volume change into diffracted 
wavelength shift. The porosity can also improve the response kinetics by facilitating the diffusion 
of analyte. In general, fabricating inverse opal structures involves three steps, (i) colloidal 
assembly to create a three-dimensional template, (ii) infiltrating the template with selected 
materials, (iii) removing the colloidal template. Specifically, to fabricate hydrogel inverse opals, 
the monomers are first infiltrated into the colloidal template and then polymerized in step (ii).  
Using pH sensitive polymers, hydrogel inverse opals that respond to pH can be fabricated. 
Poly(2-hydroxyethyl methacrylate) (pHEMA) containing acrylic acid (AA) was synthesized inside 
a polystyrene (PS) opal template, which was then dissolved to generate the inverse opal structure. 
The resulted pH sensor shows redshift of diffracted light as pH increases (Figure 1.1) [21].  
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Figure 1.1. (a) SEM image of the interconnected triplet pores in pHEMA hydrogel inverse opal 
containing 2.5% AA repeating unit. (b) Diffracted wavelength of pHEMA inverse opal hydrogels 
of various AA concentrations as a function of pH. The inset shows the reflection spectra of the 
hydrogel inverse opal with 5% AA at different pH values. (c) Response kinetics of the pHEMA 
hydrogel inverse opal with 5% AA from pH 4.03 to 5.40, and 5.39 to 4.08. Figures are reproduced 
from reference [21]. 
 
Similar to pH sensors, hydrogel inverse opals that respond to specific analytes can be 
fabricated using polymers that are sensitive to the analytes. In one example, glucose sensitive 
hydrogel inverse opals, which show redshift of diffracted wavelength to increasing glucose 
concentration, were fabricated using pHEMA hydrogel containing phenylboronic acid (PBA) 
sensing moiety (Figure 1.2) [22]. Polyacrylamide (PAAm) hydrogel inverse opals were 
constructed and used as humidity sensors, which show redshift of diffracted light in response to 
increasing relative humidity [23]. When tertiary amine functionality is incorporated in the hydrogel 
inverse opal, the diffracted wavelength redshifts when it is exposed to CO2 gas over a wide 
concentration range [24]. Sensors which show blue shift of diffracted light in response to 
increasing heavy metal ion concentration were fabricated by incorporating ligands of heavy metal 
ions into hydrogel inverse opal [25]. 
(a) (c)
1600
(b)
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Figure 1.2. Optical reflection micrograph of glucose sensitive hydrogel inverse opal (6.25% 
boronic acid) (a) in deionized water and (b) after exposure to 1 mM glucose in pH 9 buffer solution 
for ca. 20 min. (c) Refection spectra of the hydrogel inverse opal exposed to selected glucose 
concentrations. Figures are reproduced from reference [22]. 
 
Polymerized crystalline colloidal array (PCCA) is a unique class of hydrogels with embedded 
photonic crystal. It consists of two major components, a photonic crystal formed by non-close 
packed colloidal particles and a hydrogel matrix [20]. The fabrication of PCCA requires less steps 
compared to hydrogel inverse opal and may have the potential to achieve large-scale fabrication. 
The aqueous suspension of highly charged monodispersed colloidal particles (crystalline colloidal 
array, CCA) shows bright opalescence due to the diffraction of light by the crystallized colloidal 
particles (Figure 1.3a). The monomers and initiator are first dissolved in the aqueous suspension 
and then polymerized (Figure 1.3b). When stimuli-responsive hydrogel is used as the matrix, 
PCCAs are fabricated as colorimetric sensors which show diffracted wavelength shift in response 
to the stimuli. The interactions of the stimuli-responsive hydrogel matrix with analytes induce an 
osmotic pressure change inside the hydrogel, leading to the expansion or shrinkage of the hydrogel. 
Such hydrogel volume change results in a change of lattice spacing of the embedded photonic 
crystal and a commensurate wavelength shift of diffracted light (Figure 1.3c). Since the first report 
in 1997 by Asher et al. [20], PCCA has been made into sensor materials for various analytes, 
including metal ions [26-31], organophosphates [32, 33], surfactants [34], biomolecules [35, 36], 
glucose [37-41], pH [42] and ammonia [43].  
(a) (b) (c)
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Figure 1.3. (a) The crystallization of highly charged monodispersed PS colloidal particles into 
CCA via the electrostatic repulsion. The CCA diffracts certain wavelengths of light according to 
Bragg’s law. (b) PCCA is formed by polymerizing monomers dissolved in CCA. (c) The analyte-
induced volume change of PCCA and the corresponding diffraction wavelength shift. Figure (a) 
and (b) are reproduced from reference [40]. Figure (c) is reproduced from reference [38]. 
 
Stimuli-responsive hydrogels can be utilized to construct holographic sensors [44]. The 
fabrication procedure is illustrated in Figure 1.4. The stimuli-induced change in the lattice spacing 
of silver nanoparticle array embedded in the hydrogel is expressed as the diffracted wavelength 
shift. A pH sensor based on this design protocol was fabricated [45]. Using boronic acid as the 
sensing moiety, a holographic glucose sensor has been constructed [46].  
(a)
(b)
(c)
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Figure 1.4. Fabrication procedure and operation principles of hydrogel holographic sensor 
materials. (a-b) Infiltration of Ag+ ions into pHEMA hydrogel synthesized under UV radiation. (c) 
Ag0 nanoparticles are formed by reduction of Ag+ ions. (d) Formation of holographic sensor 
materials by photochemically patterning pHEAM-Ag0 nanoparticle composite hydrogel. (e-f) pH 
induced volume change of the hydrogel matrix results in a change of diffracted wavelength. This 
figure is reproduced from reference [45]. 
 
Hydrogel volume change can be converted to change in localized surface plasmon resonance. 
Stimuli-responsive hydrogel films of tens of nanometers in thickness with embedded noble metal 
nanoparticles were deposited on a substrate covered with metal nanoislands. The hydrogel volume 
change alters the average spacing between the nanoparticles and nanoislands (Figure 1.5a), causing 
the change in plasmon coupling and commensurate modification of the spectra (Figure 1.5b). 
Plasmonic glucose sensor materials based on this design protocol, which respond to pH change 
induced by the catalytic oxidation of glucose, were built using a pH sensitive hydrogel [47]. Prior 
to this work, a porous hydrogel thin film containing gold nanoparticles and nanoislands which 
responds to change in pH was reported  by the same group [48]. In addition, a molecularly 
imprinted hydrogel thin film of this plasmonic sensor design protocol was constructed for detecting 
cholesterol [49]. 
(a) (b) (c)
(d)(e)(f)
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Figure 1.5. (a) Schematic illustration of plasmonic sensor materials constructed with stimuli-
responsive hydrogel. The green regions represent the hydrogel matrix. The orange spheres 
represent Ag0 nanoparticles. The discrete orange domains on the substrate are immobilized Ag0 
nanoislands. The hydrogel matrix responds to pH change induced by the oxidation of glucose 
catalyzed by glucose oxidase. (b) The wavelength shift of the absorbance maximum of the sensor 
material as a function of glucose concentration. Figures are reproduced from reference [47]. 
 
Fabry-Perot interference provides an accurate readout of film thickness. The thickness change 
of stimuli-responsive hydrogel film varies the optical path length, leading to the shift of Fabry-
Perot fringes. The hydrogel film thickness can be calculated from the wavelength difference 
between two neighboring intensity maxima/minima. Glucose responsive hydrogel films with 
micrometer or submicrometer thicknesses were constructed via layer-by-layer assembly (Figure 
1.6) [50].  
 
Figure 1.6. (a) Schematic illustration of the thin film hydrogel sensor material. The shift of Fabry-
Perot fringes is induced by the change of hydrogel thickness as a function of analyte concentration. 
(b) The Fabry-Perot fringes under various glucose concentrations at pH 8.5. (c) Optical path length 
calculated from (b) as a function of glucose concentration. Figures are reproduced from reference 
[50]. 
 
(a) (b)
(a) (b) (c)
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By incorporating magnetic nanoparticles into a stimuli-responsive hydrogel matrix, the 
hydrogel volume, which depends on the external chemical environment, can be expressed as a 
function of  magnetic permeability (Figure 1.7a) [51]. A pH sensor with a sensitivity of 0.1 pH 
unit was fabricated by patterning poly(methacrylic acid-co-acrylamide) hydrogel with embedded 
iron oxide nanoparticles on a planar inductor (Figure 1.7b). This sensor design can be extended to 
detecting other analytes using the analyte-specific stimuli-responsive hydrogels. 
In addition to hydrogel films, microgels which show volumetric response to external stimuli 
can also be utilized to build sensor materials. For example, the volume change of microgels is 
transduced into diffracted wavelength shift of two gold thin films upon varying pH and 
organophosphate concentration in the environment (Figure 1.8) [52]. 
 
Figure 1.7. (a) Schematic illustration of stimuli-responsive hydrogels containing magnetic (iron 
oxide) nanoparticles on a planar coil responding to pH change. (b) The morphological change of 
patterned hydrogel from dry state to pH 6 solution. Figures are reproduced from reference [51]. 
(a)
(b)
Dry state pH 6
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Figure 1.8. (a) Microgels sandwiched between two Au thin films. The microgel volume change 
induces diffracted wavelength shift of the Au films. The diffracted wavelength shift as a function 
of (b) pH and (c) diethylcyanophosphate concentration.  Figures are reproduced from reference 
[52]. 
 
1.3 Hydrogel Medium for Chemical Reactions and Molecular Diffusion 
Due to the high water content, hydrogels can provide a “solid phase” aqueous environment 
for chemical reactions. The polymer matrix immobilizes both water and functional species. Once 
chemically or physically incorporated in a hydrogel, the functional species have high stability due 
to reduced leaching and interferences by external chemicals. For the particular purpose of 
immobilizing functional species and providing an aqueous environment, the volume change 
induced by chemical reactions inside the hydrogel is not critical.  
Chemically immobilizing fluorescent functionalities inside hydrogels is typically applied in 
making fluorescence sensor materials. In one example, glucose-responsive fluorescent 
functionalities were polymerized inside PAAm hydrogel fibers. The fluorescence intensity of the 
fibers change as a function of glucose concentration. Once injected into the subcutaneous tissue of 
a mouse, the fluorescent fibers demonstrated great stability and could monitor fluctuations of blood 
glucose up to 140 days after implantation (Figure 1.9) [53]. Prior to this work, glucose-responsive 
(a)
(b) (c)
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hydrogel microbeads were fabricated using a similar chemistry and procedure, which emit intense 
fluorescence for transdermally monitoring blood glucose levels [54].  
 
Figure 1.9. (a) Schematic representation of the fluorescent hydrogel fiber glucose sensor material 
implanted in subcutaneous tissues. (b) Fluorescence image of the hydrogel fiber in 50% glucose 
solution excited by UV light. (c) Fluorescence intensity as a function of glucose concentration. 
Figures are reproduced from reference [53]. 
 
Biomacromolecules can also be entrapped inside hydrogels to react with analyte and induce 
changes in local hydrogel environment. For example, infrared fluorescent protein with a cofactor 
biliverdin as the chromophore was physically trapped inside agarose hydrogel. Hg2+ ion can 
replace the chromophore and quench fluorescence under various concentrations, enabling a 
hydrogel-based paper assay for detecting Hg2+ ion [55]. Hydrogels containing entrapped enzymes 
are used in building electrochemical sensors where the enzyme-catalyzed chemical reactions inside 
the hydrogels release molecules that are detectable by electrodes. For example, creatinine and 
creatine sensitive electrodes were prepared by immobilizing enzymes on platinum working 
electrodes [56]. Creatinine amidohydrolase (CA), ceatinine amidinohydrolase (CI) and sarcosine 
oxidase (SO) were entrapped in polycarbomyol sulfonate hydrogel, sandwiched between two 
dialysis membranes and placed on a platinum electrode for measuring the total concentration of 
creatinine and creatine. A CI/SO containing electrode prepared through a similar method was used 
(a) (b) (c)
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to determine creatine concentration. In another example, poly(ethylene glycol) (PEG) hydrogels 
containing glucose oxidase, lactate oxidase and redox species were fabricated on top of a gold 
electrode array via photolithography [57]. Using this technique, hydrogel microstructures with 
different entrapped enzymes can be fabricated on adjacent electrodes (Figure 1.10). Nanoparticles 
can also be immobilized inside hydrogels to form hydrogel-nanoparticle composites where 
hydrogels serve as the media for catalysis on nanoparticle surfaces [58, 59].  
 
Figure 1.10. (a) Part of the electrode array with 300-µm diameter Au electrodes and 15-µm wide 
leads. (b) Two types of PEG hydrogel microstructures of 600-µm diameter were fabricated on 
adjacent Au electrodes. Figures are reproduced from reference [57]. 
 
In addition to hosting chemical reactions, hydrogels are utilized as the molecular transport 
media. In gel electrophoresis, analyte molecules are separated while travelling in a hydrogel slab 
under externally applied electric field due to the difference in charge and size. The pore size of the 
hydrogel can be tuned during fabrication to effectively differentiate molecules of different sizes. 
Typically, agarose and PAAm hydrogels are used in gel electrophoresis [60]. For this application, 
hydrogels are stationary media for molecular transport as the mesh size does not change throughout 
the whole process. Stimuli-responsive hydrogels can change the diffusion coefficient of target 
molecules by varying the mesh size in response to external stimuli and thus have been widely used 
to load and release therapeutic agents for applications in controlled drug delivery [11].  
(a) (b)
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1.4 Overview of Dissertation 
This dissertation explores the structure-property correlation of hydrogels, focusing on the 
interface of chemical design and materials performance of hydrogels. There are two major focus 
areas in this dissertation, studying two distinct hydrogel applications. 
The glucose sensor project focuses on design and synthesis of glucose responsive hydrogels, 
which have a liner and fast response, small hysteresis and good stability under simulated 
physiological conditions. The interactions of PBA, a class of glucose sensing functionalities, with 
glucose are studied in the first step to bridge the PBA chemical structure with the glucose sensing 
performance of PBA-modified hydrogels. The chemical structure of PBA-modified hydrogels is 
modulated in the second step to achieve the desired sensing performances as described above.  
The objective of the second area is to develop hydrogel materials that can autonomously 
manipulate molecular transport without external input. The high water content of hydrogel films 
ensures high diffusion coefficients of the molecules. Enthalpy gradients as the anisotropic driving 
force were embedded in the hydrogel films. Using hydrogel films containing built-in enthalpy 
gradients with defined geometries, the anisotropic molecular transport to desired locations, 
concentrating dilute solutions and separation of mixtures have been achieved. 
The methodologies and results in this dissertation advance our knowledge in the design and 
use of hydrogel materials. Understanding the interactions of functionalized hydrogels with 
molecules of interest provides insight into the structural basis for designing hydrogel materials. 
Required properties can be accurately programmed into hydrogels through an accurate control of 
the chemical structures, creating opportunities in detecting and manipulating molecules of interest. 
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CHAPTER 2 
THE CORRELATION OF HYDROGEL VOLUME RESPONSE WITH 
STRUCTURES 
 
2.1 Introduction 
Stimuli-responsiveness makes hydrogel attractive materials for sensors, smart optical and 
electrochemical systems, coatings, drug carriers, and tissue engineering scaffolds [1, 2]. The 
volume phase transition of the polymer matrix triggered by external stimuli is the underlying 
mechanism for the dynamic properties of stimuli-responsive hydrogels. In many cases, it is critical 
to generate a large hydrogel volume change to achieve adequate output signals of the hydrogel 
based materials systems. On the other hand, adequate mechanical properties of the stimuli-
responsive hydrogel are essential, so that it can be integrated into composite materials, devices and 
work under harsh conditions with a long lifetime. Therefore, we need to take into account both the 
stimuli-induced volume change and mechanical properties when designing hydrogel materials.  
The ideal elastomeric hydrogels satisfy two assumptions that (i) the total volume is the sum 
of the dry polymer volume and solvent volume and (ii) the free energy of the hydrogel comprises 
the elastomeric free energy of the network and the free energy of mixing of the polymer matrix 
with solvent [3].  Since there is no charge or other functionalities in the ideal elastomeric hydrogel, 
it can be employed to study how these two free energy terms cooperatively regulate the hydrogel 
volume at equilibrated state as well as the volume change kinetics. However, for most applications 
involving stimuli-induced volume change, certain functionalities have to be incorporated into ideal 
elastomeric hydrogels. In a typical example, hydrogels that respond to change in pH and ionic 
strength, have immobilized ionic species, which add an ionic free energy term to the total free 
energy of the hydrogel [4, 5]. When hydrogels contain functionalities that can chemically or 
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physically respond to external stimuli, the total free energy of hydrogels should change upon such 
interactions [6]. To achieve a large magnitude of volume response and fast response kinetics, the 
elastomeric free energy, free energy of mixing and free energy induced by chemical and physical 
interactions all have to be considered in designing stimuli-responsive hydrogel systems. 
In addition to volume change capacity, mechanical strength is essential for the application of 
stimuli-responsive hydrogels. For materials fabrication and device operation, hydrogels should 
demonstrate adequate mechanical strength, elasticity and stimuli-responsiveness. In this 
dissertation, polyacrylamide (PAAm) hydrogel films were used to build sensor materials and 
molecular transport media. Appropriate mechanical strength is needed to keep the integrity of the 
hydrogel throughout chemical modification and materials testing. In terms of materials 
performance, they immobilize chemical functionalities and contribute to the elasticity and porosity 
of the materials. Therefore, it is important to optimize the formulation of PAAm hydrogels. In this 
chapter, the volume change of PAAm hydrogel films synthesized with different structural 
parameters was measured. The rules for synthesizing optimal PAAm hydrogel films for studies in 
this dissertation are proposed. 
2.2 Volume Responsiveness of PAAm Hydrogels 
PAAm hydrogels do not have immobilized ionic groups, and thus were chosen as the model 
system of ideal elastomeric hydrogels to study how crosslink density and polymer concentration 
regulate the volume change ratio and kinetics [3]. In this study, PAAm hydrogels are synthesized 
into thin disk geometry. The diameter change of PAAm hydrogel disks upon switching solvent 
was measured. The diameter change ratio and kinetics are determined by the crosslink density and 
monomer concentration during synthesis. 
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2.2.1 Synthesis of PAAm Hydrogel Disks 
PAAm hydrogel disks were synthesized via polymerizing acrylamide (AAm) with N,N'-
methylenebisacrylamide (BisAAm) as the crosslinker. Structural parameters including crosslink 
density (mol% of BisAAm in the monomer mixture) and total monomer concentration were varied 
during synthesis. To optimize the PAAm chemical composition for a large volume change 
magnitude, fast kinetics and good mechanical strength, PAAm hydrogel disks of varied structural 
parameters and thicknesses were synthesized. A small amount of polystyrene (PS) colloidal 
particles (ca. 140 nm in diameter) was added to the monomer solution prior to polymerization to 
make the resultant hydrogel slightly opaque so as to increase the contrast of the hydrogel disks 
against the aqueous environment during measurement. 
In a typical experiment, AAm/BisAAm mixture (0.35 g, 10:1 weight ratio) was dissolved in 
5.0 g of Millipore water containing PS colloidal particles and shaken with 0.2 g of mixed bed resin 
for 15 min on a Vortex mixer. The mixed bed resin here removes ionic impurities and helps 
uniformly disperse PS particles in the monomer solution. Diethoxyacetophenone (DEAP) solution 
(0.1 g, made by diluting 0.1 g DEAP in 1.0 g DMSO) was then added and the resultant solution 
was shaken on a Vortex mixer for 10 min. The solution was centrifuged at 5000 rpm for 3 min to 
remove mixed bed resin and purged with nitrogen for 5 min. The polymerization solution was 
introduced into a mold containing two piranha-cleaned glass slides and a 120-µm thick microscope 
spacer in between. The polymerization was performed under UV light (Blak-Ray® longwave lamp 
B-100AP, 365 nm, 100 W, intensity: 21700 µW/cm2) for 2 h. After polymerization, the top slide 
and spacer were removed and the PAAm hydrogel disk was carefully peeled off from the bottom 
slide using a razor blade. The thickness of the hydrogel disk can be controlled by applying spacers 
of different thicknesses.  
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2.2.2 Volume Change Measurement of PAAm Hydrogel Disks 
The volume change of the hydrogel disks was measured by transferring them from Millipore 
water to a methanol/water mixture (50 wt%) and back to Millipore water. As methanol is a poor 
solvent of PAAm compared to water, the hydrogel disks start to shrink once transferred to the 
methanol/water mixture. Since the hydrogel disks are free-standing, the volume change occurs in 
three dimensions. The dimensional change ratio in one specific direction is equal to the cube root 
of the hydrogel volume change ratio [6-8]. Hydrogel volume change is commonly obtained by 
measuring the weight change upon absorbing and loosing solvent [9-13]. However, the weight 
change of hydrogel thin films may not be measured with good accuracy because such hydrogels 
can quickly loose water during handling and it’s also hard to completely remove excessive water 
before measuring the weight. Here we directly measure the diameter of PAAm hydrogel disks 
before and after volume change to calculate the diameter change ratio. The diameter change ratio 
is defined as  
Dswollen-Dshrunken
Dswollen
× 100% , where Dswollen  is the diameter of swollen state and 
Dshrunken is the diameter of shrunken state. 
The thickness of hydrogel disks places a significant effect on the volume change kinetics. The 
volume phase transition is typically driven by a diffusion-limited process, and therefore, to achieve 
response time on the scale of seconds to minutes, one dimension of the hydrogel needs to be 
sufficiently small. As can be seen from Figure 2.1a-b, after 3 min in methanol/water mixture (50 
wt%), the 120-µm thick hydrogel disk shows the largest diameter change ratio (ca. 42%). When 
transferred back to water, the sample reverts to its original size within 3 min, indicating the fast 
response kinetics (Figure 2.1c). The 240-µm thick sample exhibits a smaller diameter change ratio 
of ca. 37% after 3 min in the mixture and recovers to ca. 88% of its original diameter 3 min after 
transferred back to water (Figure 2.1d-f). The 360-µm thick hydrogel disk shows the smallest 
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diameter change ratio (ca. 29%) within 3 min in the solvent mixture and the diameter recovers to 
ca. 86% of its original value 3 min after transferred back to water as shown in Figure 2.1g-i. 
Therefore, increasing the thickness of the hydrogel disks from 120 to 360 µm decreases the 
response kinetics, even they essentially have a two-dimensional geometry (thickness much smaller 
than diameter).  
 
Figure 2.1. Optical images of PAAm hydrogel disks of fixed chemical composition and varied 
thickness when exposed to different solvents. The hydrogels were made by polymerizing 
AAm/BisAAm mixture (0.35g, 10:1 weight ratio) dissolved in 5.0 g of Millipore water. The 
thickness of the spacer used for making the sample in (a-c), (d-f) and (g-i) is 120, 240 and 360 µm, 
respectively. 
 
Other than thickness, hydrogel composition can also regulate the diameter change ratio and 
response kinetics. The 120-µm thick PAAm hydrogel disks were synthesized from different 
monomer concentrations and crosslink densities as summarized in Table 2.1. If the monomer 
concentration is too low, the resultant hydrogel disks are very soft and easy to break. If the 
monomer concentration is too high, the hydrogel disks are very stiff and have low diameter change 
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ratio, probably due to the large elastic modulus. With a high monomer concentration, 
inhomogeneity develops during hydrogel synthesis, leading to opaqueness and inhomogeneous 
properties across the resultant hydrogels. Thus, both cases are not suitable for sensor applications.  
Table 2.1 Summary of formulations used in synthesizing PAAm hydrogels. 
 
*Weight ratio. 
 
The hydrogel disks were transferred from Millipore water to a methanol/water mixture (50 
wt%) for 3 min and back to Millipore water for 3 min. Optical images were taken during this 
process (Figure 2.2). The diameter change ratio was acquired from the images. 
 
Figure 2.2. Optical images of PAAm hydrogel disks of varied chemical composition and fixed 
thickness (120 µm) when exposed to different solvents. The samples in (a-c) and (d-f) were 
synthesized using 0.35 g of AAm/BisAAm mixture (5:1 and 20:1 weight ratio) in 5.0 g of Millipore 
water.  The sample in (g-i) was synthesized using 1.40 g of AAm/BisAAm (20:1 weight ratio) in 
5.0 g of Millipore water. 
 
Label 1 2 3 4 5 6 7 8 9 10 11 12 
AAm/BisAAm* 5:1 10:1 20:1 37:1 5:1 10:1 20:1 37:1 80:1 20:1 37:1 80:1 
Monomer (g) 0.35 0.35 0.35 0.35 0.70 0.70 0.70 0.70 0.70 1.40 1.40 1.40 
Water (g) 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 
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The volume response of hydrogel disks of different structural parameters is shown in Figure 
2.3. Synthesized using the same monomer concentration, samples with a lower crosslink density 
(higher AAm to BisAAm ratio) show larger diameter change ratio at equilibrated state (Figure 
2.3a). The samples synthesized from 80:1 of AAm/BisAAm ratio and 0.35 g of monomer in 5.0 g 
of water were too soft to handle during measurement. When the crosslink density is kept constant, 
increasing the monomer concentration decreases the diameter change ratio, which can be observed 
on samples of 20:1 AAm/BisAAm weight ratio (Figure 2.3a). Figure 2.3b is a proposed diagram 
based on experimental results illustrating how the structural parameters affect the volume response 
of PAAm hydrogels. In general, to achieve appropriate responsiveness while maintaining adequate 
mechanical strength, formulations of a moderate monomer concentration and crosslink density as 
indicated by the red region are essential (Figure 2.3b). When it comes to kinetics, increasing the 
crosslink density of samples synthesized from the same monomer concentration increases the 
short-term diameter change ratio (Figure 2.4a). Increasing the monomer concentration of samples 
with the same crosslink density decreases the short-term diameter shrinkage (Figure 2.4a), which 
has the same trend as in equilibrated state (Figure 2.3a).  The detailed response kinetics of samples 
made from various monomer concentrations and crosslink densities are plotted in Figure 2.4b-d. 
Increasing crosslink density increases the response kinetics but there is no significant difference 
in the diameter change ratio at equilibrium (Figure 2.4b). As can be seen from Figure 2.4c-d, with 
a fixed crosslink density, increasing the monomer concentration from 0.35 g to 0.70 g in 5.0 g of 
water slightly increases the diameter change kinetics. When samples are made from a high 
monomer concentration (e.g. 0.70 g in 5.0 g of water), increasing the crosslink density significantly 
decreases the diameter change ratio at equilibrated state (Figure 2.3a and Figure 2.4c-d). 
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Figure 2.3. (a) The diameter change ratio of PAAm hydrogel disks 1 h after transferred from water 
to methanol/water (50 wt%) mixture (the weight ratio of AAm/BisAAm is included as inset). The 
diameter did not further change after 1 h, indicating that the hydrogel disks reached equilibrium in 
the mixture. (b) Proposed correlation between hydrogel structural parameters and volume change 
performance. 
 
 
Figure 2.4. (a) The diameter change ratio of PAAm hydrogel disks 3 min after transferred from 
water to methanol/water (50 wt%) mixture (the weight ratio of AAm/BisAAm is included as inset). 
(b) Diameter change kinetics of PAAm hydrogel disks synthesized using the same monomer 
concentration (0.35 g in 5.0 g water) and various AAm/BisAAm weight ratios (inset). (c) Diameter 
change kinetics of PAAm hydrogel disks synthesized using the same crosslink density 
(AAm/BisAAm=5:1, weight ratio) and different monomer concentrations (inset). (d) Diameter 
change kinetics of PAAm hydrogel disks synthesized using the same crosslink density 
(AAm/BisAAm=20:1, weight ratio) and different monomer concentrations (inset). All hydrogel 
disks are 120-µm thick.  
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2.3 Measurement of PAAm Hydrogel Mesh Size 
In the following chapters, we use two formulations to synthesize PAAm hydrogels to construct 
sensor materials and molecular diffusion media. For the sensor application, 0.35 g of 
AAm/BisAAm (37:1 weight ratio) was dissolved in 5.0 g of Millipore water and polymerized 
following the procedure described above (Formulation 1). For the molecular diffusion medium 
application, 0.30 g of AAm/BisAAm (37:1 weight ratio) in 5.0 g of Millipore water was used 
(Formulation 2). A method to determine the hydrogel mesh size was applied to the resultant 
hydrogels [5, 14].  
1
Mc
=
2
Mn
-
v̅
V1
∙
ln(1-v2,s)+v2,s+χ∙v2,s
2
v2,s
1/3
-
v2,s
2
                               Equation 1.1 
Here, v2,s is the PAAm volume fraction of the swollen state, V1 is the molar volume of solvent 
(water, 18.0 mL/mol), v̅ is the specific volume of bulk PAAm in amorphous state (48.8 mL/mol) 
[15], χ is the Flory-Huggins parameter of PAAm in water (χ=0.499) [3], Mn is the number average 
molecular weight of PAAm prepared in the absence of crosslinkers, Mc is the number average 
molecular weight of the PAAm chain between crosslinks in the hydrogel. 
To measure the PAAm volume fraction in swollen state, bulk PAAm hydrogels were prepared 
using the two formulations. The hydrogels were rinsed with water multiple times, equilibrated in 
water and weighed. The PAAm mass was acquired by weighing the freeze-dried hydrogels. The 
PAAm volume can be calculated based on the mass and density of bulk PAAm. The average v2,s 
of hydrogels synthesized from Formulation 1 and 2 is 0.057 and 0.048, respectively, measured on 
three samples for each formulation. Mn  was determined on linear PAAm synthesized without 
including the crosslinker, BisAAm, under the same conditions used in preparing the hydrogels. 
The Mn of linear PAAm samples was measured using GPC in 100 mM sodium nitrate aqueous 
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solution. By plugging these parameters into Equation 1.1, Mc can be obtained. The average mesh 
size of PAAm hydrogels is further calculated from Mc based on the length of the repeating unit. 
The Mcfor hydrogels synthesized by Formulation 1 and 2 is 1894±42 and 1900±32, respectively. 
Assuming the carbon-carbon bond length in PAAm is 0.15 nm, the mesh size ξ of PAAm hydrogels 
made from both formulations is ca. 4.2 nm.  
2.4 Volume Responsiveness of Poly(AAm-co-AA) Hydrogels 
2.4.1 Synthesis of Poly(AAm-co-AA) Hydrogel Disks 
To introduce a functionality and study how structural parameters affect the volume change of 
non-ideal elastomeric hydrogels, PAAm hydrogel disks were hydrolyzed in a basic solution for 
selected amounts of time at room temperature. PAAm is partially hydrolyzed, with a certain 
portion of amide groups converted to carboxylates (Figure 2.5). The hydrolysis solution contains 
sodium hydroxide (100 mM), sodium chloride (150 mM), and N,N,N’,N’-
tetramethylethylenediamine (10% in volume) in Millipore water.  
The resultant poly(acrylamide-co-acrylic acid) (poly(AAm-co-AA)) hydrogel disks are 
negatively charged at neutral pH and the charge density depends on the pH of the environment. If 
pH is below the pKa of poly(acrylic acid), which is ca. 4.2, the hydrogel shrinks as the neutral 
carboxylic acid is the dominant species. If pH is above the pKa of poly(acrylic acid), the carboxylic 
acid ionizes into carboxylate which swells the hydrogel. The effects of structural parameters 
including charge density, polymer concentration and crosslink density on the hydrogel volume 
change can be evaluated by measuring the diameter change of poly(AAm-co-AA) hydrogel disks 
transferred from a high to low pH solution. To avoid damage caused by adhesion of the hydrogel 
disks on Petri dish, Teflon liners were used during measurements. The hydrogel disks are not 
constrained by substrates and thus the volume change is in three dimensions. The diameter change 
26 
 
ratio is the cube root of the total volume change ratio and is defined as  
Dhigh pH-Dlow pH
Dhigh pH
× 100%, 
where Dhigh pH is the diameter in a high pH solution and Dlow pH is the diameter in a low pH 
solution. PAAm hydrogel disks are made from a fixed crosslink density (AAm/BisAAm=37:1) 
and various monomer concentrations (0.35, 0.70, 1.40 g in 5.0 g of water).  
 
Figure 2.5. The hydrolysis of PAAm in a basic solution. 
 
2.4.2 Volume Change Measurement of Poly(AAm-co-AA) Hydrogel Disks 
The diameter of PAAm hydrogel disks synthesized from 0.35 g of monomer in 5.0 g of water 
stays constant in 300 mM NaCl after 2 days of hydrolysis (Figure 2.6a). The carboxylates created 
during hydrolysis are screened by the ionic strength in NaCl solution. In pH 2.0 buffer, the 
equilibrated diameter becomes constant after 3 days, indicating that the hydrolysis is probably a 
self-limiting process and the hydrolysis ratio does not increase after 3 days (Figure 2.6b).  
 
Figure 2.6. The equilibrated diameter of the partially hydrolyzed PAAm hydrogel disk in (a) 300 
mM NaCl solution and (b) pH 2.0 buffer solution. The PAAm hydrogel disk was synthesized from 
0.35 g of monomer in 5.0 g of water with AAm/BisAAm=37:1 (weight ratio). 
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Hydrogel disks synthesized from 0.70 g of monomer in 5.0 g of water were hydrolyzed for 0-
6 days. The equilibrated diameter in 300 mM NaCl increases until the fourth day (Figure 2.7a). 
The equilibrated diameter in pH 2.0 buffer decreases until the third day (Figure 2.7b). The diameter 
change kinetics stay almost the same after 3 days of hydrolysis (Figure 2.7c), indicating the 
hydrolysis may have reached equilibrium after 3 days. The hydrolysis reaction takes longer to 
reach equilibrium for PAAm hydrogels with a higher polymer content as can be observed by 
comparing Figure 2.6a and 2.7a.  
 
Figure 2.7. The equilibrated diameter of the partially hydrolyzed PAAm hydrogel disk in (a) 300 
mM NaCl solution and (b) pH 2.0 buffer solution as a function of hydrolysis time. (c) The diameter 
change kinetics from 300 mM NaCl to pH 2.0 buffer solution on different days during hydrolysis. 
The hydrolysis time (in days) is indicated next to each curve. The PAAm hydrogel disk was 
synthesized from 0.70 g of monomer in 5.0 g of water with AAm/BisAAm=37:1 (weight ratio). 
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state in pH 2.0 buffer does not vary after 3 days of hydrolysis and the volume change of samples 
hydrolyzed for 2-5 days reaches equilibrium within 30 min (Figure 2.8c).  
 
Figure 2.8. The equilibrated diameter of the partially hydrolyzed PAAm hydrogel disk in (a) 300 
mM NaCl solution and (b) pH 2.0 buffer solution as a function of hydrolysis time. (c) The diameter 
change kinetics from 300 mM NaCl to pH 2.0 buffer solution on different days during hydrolysis. 
The hydrolysis time (in days) is labeled near each curve. The PAAm hydrogel disk was synthesized 
from 1.40 g of monomer in 5.0 g of water with AAm/BisAAm=37:1 (weight ratio).  
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diameter shrinkage in pH 2.0 buffer becomes larger with increasing the resultant carboxylic acid 
concentration (hydrolyzed acrylamide).  
 
Figure 2.9. Diameter change kinetics of the partially hydrolyzed PAAm hydrogel disks. The 
PAAm hydrogel disks before hydrolysis were synthesized from (a) 0.35 g, (b) 0.70 g and (c) 1.40 
g of monomer in 5.0 g of water. The AAm/BisAAm weight ratios are indicated in the figures. 
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parameters depends on the following chemical modification and testing conditions, and is also 
determined by whether the hydrogels are freestanding or constrained on substrates. PAAm 
hydrogel disks of different structural parameters, with ca. 19 mm in diameter and 120 µm in 
thickness were used to study the volume change. With the same monomer concentration, 
increasing the crosslink density decreases the diameter change ratio at equilibrium but increases 
the diameter change kinetics. With a fixed crosslink density, increasing the monomer 
concentration decreases the volume change ratio but has no obvious effect on volume change 
kinetics. Therefore, with a relatively low monomer concentration and relatively high crosslink 
density, PAAm hydrogels can achieve large volume change ratio, fast kinetics while maintaining 
good mechanical strength. For poly(AAm-co-AA) hydrogels which are synthesized by 
hydrolyzing PAAm hydrogels, increasing the crosslink density increases the volume change 
kinetics but decreases the volume change ratio. With the same crosslink density, increasing the 
monomer concentration during PAAm hydrogel synthesis deceases the volume change ratio but 
has little noticeable effects on response kinetics. On the basis of these conclusions, optimal 
formulations for synthesizing PAAm hydrogel as the starting material were used in the following 
chapters. 
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CHAPTER 3 
INTERACTIONS OF PHENYLBORONIC ACID-MODIFIED 
HYDROGELS WITH GLUCOSE† 
 
3.1 Introduction 
Diabetes is a worldwide health concern, with a fast-increasing population predicted to reach 
366 million by 2030 [1]. The expenditure on diabetes related health care and social issues is 
tremendous. Therefore, it is of significant importance to develop technologies to improve the life 
quality of diabetic patients. As a result of intensive research efforts, glucose monitoring and insulin 
delivery technologies based on various materials systems and design principles have been 
developed in the past few decades [2-8]. The global market of glucose monitoring technology is 
the biggest in the diagnostic field [9]. 
Among all glucose sensitive functionalities, phenylboronic acid (PBA) which has a strong 
affinity to glucose under a broad range of conditions, has been widely studied since the discovery 
of its interactions with saccharides in 1954 [10]. The versatility of chemical structure, availability 
for chemical modification and good stability make PBAs attractive for constructing glucose 
sensors [8]. PBA-modified fluorophores change fluorescence intensity in response to fluctuations 
of glucose concentration [9]. PBA-modified hydrogels which show volume change to glucose have 
been studied as glucose sensor materials and controlled insulin delivery agents [8, 11-13].  
All such applications rely on the interactions between PBA and glucose. PBA binds with diols 
in glucose, forming a boronic acid ester. The binding constant, pKa change, working pH, kinetics 
                                                 
† The content of this chapter is partially published in: “Hydrogel-Based Glucose Sensors: Effects of 
Phenylboronic Acid Chemical Structure on Response”, Chunjie Zhang, Mark D. Losego, and Paul V. Braun, 
Chemistry of Materials, 2013, 25, 3239-3250.  
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and mechanisms of the binding reactions were studied, with different viewpoints existing due to 
the difficulty in interpreting this complex reaction [14-19]. Once immobilized in a hydrogel, the 
PBA-glucose interactions can induce the hydrogel volume change, which is a function of the PBA 
and hydrogel chemical structure. To understand the determinants of hydrogel volume change in 
response to glucose, in this chapter, PBAs of distinct chemical structures were used to modify 
polyacrylamide (PAAm) hydrogels and the corresponding volume response was measured. To 
enable an optical readout of the hydrogel volume, a photonic crystal was embedded in the PBA-
modified hydrogel to transduce the volume change into diffracted wavelength shift (color change) 
and the resultant hydrogel material is referred to as polymerized crystalline colloidal array (PCCA) 
[20]. Thus, four variables, i.e. PBA chemical structure, hydrogel volume, diffracted wavelength 
and glucose concentration, can be connected using PCCA.  
3.2 Synthesis of Polystyrene Colloidal Particles 
Highly charged monodispersed colloidal particles are essential for creating a photonic crystal 
inside the hydrogel [20]. Such particles can self-assemble into crystalline colloidal array (CCA), 
which diffracts light according to Bragg’s law, through electrostatic interactions among 
themselves [21]. In this study, highly charged monodispersed polystyrene (PS) colloids were 
synthesized using formulations modified from a reported procedure [22]. 
In a typical experiment, sodium bicarbonate (0.24 g) was dissolved in Millipore water (200 g) 
in a three-neck round bottom flask equipped with a pressure-equalizing dropping funnel and reflux 
condenser. Nitrogen was purged throughout the reaction. The stirring rate (typically 500 rpm) was 
suitable to generate a smooth and uniform emulsion. After 40 min of nitrogen purge, dihexyl 
sulfosuccinate sodium salt solution (80 wt%, 2.28 g) was diluted with Millipore water (28.6 g) and 
added to the flask. The temperature was then raised to 50 ℃. A monomer mixture of styrene (47.28 
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g, inhibitor removed) and divinylbenzene (4.44 g, inhibitor removed) was added into the flask by 
a pressure-equalizing dropping funnel at a rate of 4 mL/min. The reaction mixture was stirred for 
1.5 h. 3-Allyloxy-2-hydroxy-1-propanesulfonic acid sodium salt (15.72 g) diluted with Millipore 
water (12 g) was then added into the flask and then the temperature was increased to 70 ℃. Finally, 
the initiator, ammonium persulfate (0.64 g) dissolved in Millipore water (20 g) was added into the 
reaction vessel to start the polymerization. The reaction was allowed to reflux for 6 h before 
cooling to room temperature. The as-synthesized particle suspension was transferred to a dialysis 
tube which was then immersed in a Millipore water bath for removing the unpolymerized 
monomers, surfactants and ionic species. The dialysis of the particle suspension took at least three 
weeks, which involved frequent exchange of water bath. The SEM images of the particles 
synthesized using this formulation are shown in Figure 3.1a-b.  
Particles with different surface charge densities were also synthesized by varying the quantity 
of the ionic monomer, 3-allyloxy-2-hydroxy-1-propanesulfonic acid sodium salt, while the 
quantity of other reactants stay constant relative to the above formulation. By reducing the ionic 
monomer to 1/3 of the original amount, monodispersity was maintained (Figure 3.1c). The 
particles showed bright opalescence after purifying by dialysis, similar to the batch synthesized 
above. However, the dialysis of this batch took a longer time to generate bright diffracted colors. 
This is probably due to the low surface charge density which requires a lower ionic strength to 
drive the formation of CCA.  Increasing the ionic monomer to twice of the original amount, the 
particle shape was highly irregular and the size distribution was very large (Figure 3.1d). 
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Figure 3.1. SEM images of the highly charged monodispersed polystyrene colloidal particles dried 
on a Si wafer. A thin layer of gold was deposited on the particles to enhance the conductivity 
during imaging. Particles synthesized using an ionic monomer of original amount (a-b), 1/3 of the 
original amount (c) and 2 times of the original amount (d). Images taken on a Hitachi 4800 SEM.  
 
The dialysis process purifies the particles and also reduces the concentration of the suspension. 
To move the diffracted wavelength into visible range, the particle suspension after dialysis was 
concentrated via evaporating water in the presence of ion exchange resin at 75 ℃ in a dust and ion 
free environment. The concentration process was stopped when the particle suspension showed 
bright opalescence. The diffracted color change during drying a drop of particle suspension can be 
observed in Figure 3.2, where the color blue shifts as the particle concentration increases (reduced 
particle spacing). The particle suspension after dialysis was stored with a large amount of ion 
exchange resin to increase the shelf life of the CCA. Interestingly, when the particle suspension 
was sealed between two clean glass slides using a microscope spacer, the crystallinity of CCA 
gradually increased as indicated by a growing crystallized region with bright opalescence from 
center to the outside. After aging overnight, the shiny region covered most of the sample area and 
the resultant CCA showed very bright color and high reflection. Particle suspension at different 
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stages during concentration was collected and aged between glass slides. The reflection spectra 
were recorded on a spectrometer (Figure 3.3). 
 
Figure 3.2. The diffracted color change during drying a drop of particle suspension in a 
scintillation vial. The arrow indicates the sequence of increased particle concentration during 
drying.  
 
 
Figure 3.3. The reflection spectra of CCA sealed between two glass slides during the concentration 
process. The arrow indicates the concentration sequence of the particles from low to high. The 
black peak is the second order diffraction peak. Other peaks are first order diffraction peaks. 
 
3.3 Synthesis of PAAm PCCAs 
The PAAm PCCA was synthesized in a mold containing a top glass slide with acrylate 
functionality, a fluorinated bottom glass slide and a spacer in between (Figure 3.4a). The piranha-
cleaned glass slides were functionalized with 3-(trimethoxysilyl)propyl methacrylate in toluene 
and used as bottom slides. The top slides were functionalized with trichloro(1H,1H,2H,2H-
1cm 1cm 1cm
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perfluorooctyl)silane in chloroform. The spacer was typically a double sided tape with thickness 
varying from 10 to 120 µm. 
In a typical procedure, acrylamide/N,N'-methylenebisacrylamide mixture (37:1 weight ratio, 
0.35 g), mixed bed resin (0.2 g) and CCA (5.0 g) were mixed and shaken on a Vortex mixer for 
15 min. The photoinitiator diethoxyacetophenone (DEAP, 0.1 g) was diluted with DMSO (1.0 g). 
The DEAP solution (0.1 g) was added to the above mixture. The resultant polymerization solution 
was shaken on a Vortex mixer for 15 min followed by 5 min of nitrogen purge. Vacuum was 
applied to the solution to remove the trapped bubbles. The polymerization solution was taken by 
a syringe and filled in the well consisting of the bottom slide and spacer. The top slide was carefully 
closed to avoid the formation of bubbles and reduce shear force. The sealed samples were clipped 
and stored in dark for 15 min to improve the crystallization of PS colloids. The samples were then 
polymerized for 2 h under a mercury UV lamp (Blak-Ray® longwave lamp B-100AP, 365 nm, 100 
W, intensity: 21700 µW/cm2). The as-synthesized PAAm PCCAs are shown in Figure 3.4b. The 
synthetic scheme is illustrated in step (i) of Figure 3.5. After polymerization, the top slide and 
spacer were removed. The PAAm PCCA was attached to the bottom glass slide. 
 
Figure 3.4. (a) Schematic illustration of the mold used for fabricating PCCA.  (b) A photograph 
of the PAAm PCCAs inside molds. 
Polystyrene
Colloid Hydrogel
Spacer
(a) (b)
20mm
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3.4 Synthesis of PBA-Modified PCCAs 
To incorporate PBA into PCCA, the PAAm hydrogel matrix was first hydrolyzed in a basic 
solution containing sodium hydroxide (0.16 g), sodium chloride (0.35 g) and N,N,N′,N′-
tetramethylethylenediamine (4.0 g) in Millipore water (40 mL) at room temperature for a selected 
amount of time (Figure 3.5 step ii). The amide functionality is partially converted to carboxylate 
during hydrolysis, which can be further converted to the desired functionality through conjugation 
chemistry. The carboxylate concentration in the hydrolyzed PCCA was controlled by hydrolysis 
time. As the hydrolysis of PAAm at room temperature has mild kinetics, it is possible to vary the 
hydrolysis time to achieve different carboxylate concentrations. The partially hydrolyzed PAAm 
PCCA was coupled with an amine-appended PBA in a 40 mL solution containing 15 mM N-(3-
dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) and 15mM PBA for 30 h at pH 
4.8 (Figure 3.5 step iii). The resultant PBA-modified PCCA was rinsed with 150 mM NaCl 
solution and pH 7.4 phosphate buffer. 
 
Figure 3.5. Synthetic procedure for PBA-modified PCCAs. 
 
PBAs with distinct chemical structures were conjugated to the hydrolyzed PAAm PCCAs 
(Figure 3.6). They are categorized into four groups. Group 1 PBAs have ortho boronic acid relative 
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to the amino group on phenyl ring; Group 2 PBAs have meta boronic acid to the amino group; 
Group 3 PBAs have para boronic acid to the amino group; in Group 4 PBAs, aminomethyl groups 
replace the amino groups on the phenyl ring. After conjugation, PBAs are attached to the PCCA 
via amide bond formed by amino groups on PBAs and carboxylates in the partially hydrolyzed 
PCCA matrix. 
 
Figure 3.6. Chemical structures of the PBAs used for modifying PCCAs. 
 
The PBA-modified PCCAs show a distinct diffraction peak (Figure 3.7a). The homogeneity 
of the PBA-modified PCCA is illustrated by the narrow distribution of diffracted wavelength 
(Figure 3.7b). The diffracted wavelength of the PCCA can be tuned by using CCA of different 
particle concentrations during polymerization. 
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Figure 3.7. (a) A reflection spectrum of a PBA-modified PCCA taken from the normal direction 
of the sample substrate. (b) A mapping of the diffracted wavelength on a PCCA from the normal 
direction of the sample substrate. The λmax is the maximum of diffraction peak. Area: 1.21 cm2, 
number of measured spots: 144, average peak position: 699 nm. 
 
3.5 Glucose Sensing of PBA-Modified PCCAs 
The PCCAs are chemically immobilized to the glass substrate after polymerization and remain 
attached during the chemical modification in Figure 3.5 and glucose sensing measurements. In this 
study, the volume change of PCCA matrix is constrained to the normal direction of the substrate 
(one-dimensional), which is different from the three-dimensional volume change of free-standing 
hydrogels. The total volume change of constrained hydrogels is smaller than the volume change 
of free-standing hydrogels to certain external stimuli, however, the constrained hydrogels show 
larger change in one dimension than free-standing hydrogels [23]. The thickness of the 
immobilized PCCA is proportional to the volume, V/V’= h/h’, where V and V’, h and h’ represent 
two different volumes and thicknesses of the PCCA [24, 25]. As the lattice spacing of the (111) 
plane of the non-close packed photonic crystal inside PCCA is proportional to the thickness, 
according to Bragg’s law, the diffracted wavelength is proportional to the hydrogel volume, V/V’= 
h/h’=d/d’= λ/ λ’, where d and d’, λ and λ’ represent two different lattice distances and diffracted 
wavelengths of the PCCA. By tethering the PCCA on a substrate, all measurements on the 
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diffracted wavelength can be taken in the same region and the one-dimensional volume change of 
the PCCA matrix can generate a larger wavelength shift.  
The experimental setup for glucose sensing test is shown in Figure 3.8. A reservoir of ca. 18 
mL is attached to the PCCA substrate using epoxy resin. A thin thermocouple is placed in the 
solution above the PCCA top surface to monitor the temperature. The solution temperature is kept 
at 37 oC by a heating tape wrapped around the reservoir.  The PBA-modified PCCA is equilibrated 
in pH 7.4 phosphate buffer saline (PBS) with physiological salinity made by dissolving phosphate 
buffered saline tablets in Millipore water. The spectrum at zero glucose concentration is taken in 
pH 7.4 PBS buffer. During the test, the buffer solution is taken out and glucose solution in pH 7.4 
PBS is gently poured in the reservoir. After each measurement, the old solution is removed and 
the new solution is introduced. By applying an abrupt concentration change inside the reservoir, a 
complete picture of the response kinetics at a certain glucose concentration can be obtained. 
 
Figure 3.8. Experimental setup for the microspectroscopy of PBA-modified PCCAs. 
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To cover the clinically relevant glucose concentration, the PBA-modified PCCAs were 
measured in 0-30 mM glucose in pH 7.4 PBS at 37  oC [26]. To achieve a substantial optical readout 
in this range, various PBA loadings are needed for different PBAs which have different binding 
constants with glucose and different capabilities to change the hydrogel volume upon binding. The 
PBA loading was controlled by varying the hydrolysis time. PCCAs with a longer hydrolysis time 
have a higher PBA loading. As can be seen from Table 3.1, the diffracted wavelength of the PBA-
modified PCCA in pH 7.4 PBS is determined by both the PBA loading and PBA chemical structure. 
First- and second-order diffraction peaks are used to quantify glucose concentration (m = 1, 2 in 
mλ = 2nd ∙ sinθ). In one example, the second-order diffraction peak of the 2APBA-modified 
PCCA was used to monitor glucose from 0-10 mM because the first-order diffraction peak was 
out of the detection range of the spectrometer. 
The PBAs immobilized in the PCCA hydrogel matrix reversibly bind with glucose, forming 
either 1:1 or 2:1 PBA-glucose complexes (Figure 3.9) [27]. The 1:1 complex is anionic because 
the boronic acid ester has a lower pKa compared with the corresponding PBA and therefore it 
swells the hydrogel [9, 14]. The 2:1 complex is a crosslinker and thus shrinks the hydrogel. 
 
Figure 3.9. Chemical structures of the 1:1 and 2:1 PBA-glucose complexes. α-D-glucofuranose is 
used to represent glucose. 
 
 
2:1 complex1:1 complex 
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Table 3.1. Response of PBA-modified PCCAs in 0-30mM pH 7.4 buffered glucose solutions at 
37 oC. 
 
λo is the diffraction wavelength in pH 7.4 physiological buffer at  37oC. 
Δλn=λn- λo where λn is the diffraction wavelength in nmM pH 7.4 buffered glucose solutions at 37oC. 
t90 is the time that a PBA-modified PCCA needs to reach 90%  of diffraction wavelength shift from 0-10mM glucose 
solution. 
-indicates values that cannot be accurately identified. 
The corresponding PCCAs did not reach equilibrium within 2 ha or 3 hb for each glucose concentration. bThe t90 was 
calculated using data within 2 h of testing. 
 
The formation of 1:1 and 2:1 PBA-glucose complexes depends on the glucose concentration. 
As shown in Figure 3.10, when glucose concentration increases from zero to a point lower than a 
critical concentration, 1:1 complex is first formed but the reaction equilibrium is then driven to the 
formation of 2:1 complex. In this case, the hydrogel first swells and then shrinks, leading to a 
redshift followed by a blue shift of diffracted light. When glucose concentration further increases, 
the 2:1 complex is displaced into two 1:1 complexes, resulting in the decrease in crosslinks and 
increase in free anionic 1:1 complexes. Therefore, the hydrogel swells and redshifts the diffracted 
light. 
PBA Hydrolysis Time/h Diffraction Order λo/nm Δλ10/nm Δλ20/nm Δλ30 /nm t90/min
2APBAa 16 2 631 -101 -217 -324 >80
2A5FPBAb 16 1 980 -146 -309 -435 >65
2A4CyanoPBA 10 1 640 -15 -21 -26 7
2A45FPBA 16 2 731 0 0 0 -
3APBA 3 1 830 -132 -137 -120 12
5A2FPBA 3 1 1194 -314 -309 -297 6
3A5CyanoPBA 3 1 901 -171 -159 -142 6
3A5NitroPBA 3 1 829 -151 -146 -133 7
3A4FPBA 3 1 924 -105 -113 -101 4
3A4MthylPBA 3 1 856 -25 -28 -22 4
4APBA 3 1 747 -117 -156 -170 16
4A3FPBA 6 1 891 -264 -303 -323 9
4A3NitroPBA 6 2 657 -1 -4 -5 -
2Am4FPBA 16 1 840 -32 -50 -58 12
2Am5FPBA 16 1 1037 -54 -60 -66 10
2Am5NitroPBA 16 2 612 -24 -24 -24 5
3AmPBA 3 2 663 2 3 5 -
5Am2FPBA 3 2 651 -6 -6 -8 -
4AmPBA 3 2 695 1 2 3 -
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Figure 3.10.  Schematic illustration of the interactions of PBA-modified hydrogel with glucose 
and the resultant effects on hydrogel volume change and diffracted wavelength shift of PCCA. 
 
To test the response of PBA-modified PCCA to glucose, a cyclic sweep of glucose 
concentration from 0 to 30 mM back to 0 mM was performed. The hysteresis is defined as the 
diffraction wavelength difference between decreasing and increasing concentration sweep for a 
given glucose concentration. It is essential that glucose sensors show minimal hysteresis in the 
clinically relevant concentration range. The detailed wavelength shift and response curves are 
summarized in Table 3.1 and Figure 3.11, respectively. The response kinetics are summarized in 
Figure 3.12.  
Swell, RedshiftShrink, Blueshift
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Figure 3.11. Diffracted wavelength as a function of glucose concentration during cyclic sweeps 
for PCCAs modified with different groups of PBAs. The λmax is the maximum of diffraction peak. 
The data points labeled with ● are during increasing glucose concentration and the data points 
labeled with ▲are during decreasing glucose concentration. The specific type of PBA and the time 
used for hydrolysis are labeled in each figure. All tests were performed in pH 7.4 buffered glucose 
solutions at 37 °C. The lines in (a) and (b) during the increasing glucose concentration sweep are 
linear fits and other lines connecting the data points are to aid the eye. 
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Figure 3.12. Diffracted wavelength as a function of time during cyclic sweeps for PCCAs 
modified with different groups of PBAs. The λmax is the maximum of diffraction peak. The specific 
type of PBA and the time used for hydrolysis are labeled in each figure. All tests were performed 
in pH 7.4 buffered glucose solutions at 37 °C.  
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As shown in Figure 3.11a-b, 2APBA- and 2A5FPBA-modified PCCAs show a nearly linear 
response to 0-30 mM glucose with an overall wavelength shift above 300 nm, however, the 
hysteresis is significant. The blue shift is ascribed to the shrinkage caused by the formation of 2:1 
PBA-glucose complexes [28]. As can be seen from Figure 3.12a-b, the 2APBA- and 5A2FPBA- 
modified PCCAs both have slow response kinetics and are not equilibrated in each concentration 
step. As discussed in previous sections, increasing hydrolysis time increases the PBA loading and 
therefore a larger wavelength shift can be observed on 2APBA-modified PCCA with a longer 
hydrolysis time. The 2APBA-modified PCCA with 8 h of hydrolysis shows ca. 130 nm shift while 
the one with 16 h of hydrolysis shows ca .300 nm shift (Figure 3.13). Thus, varying the hydrolysis 
time is an effective way for tailoring the sensitivity and dynamic range of glucose responsive 
PCCAs. Different from 2APBA and 2A5FPBA, 2A4CyanoPBA-modified PCCA has a nonlinear 
response and fast kinetics (Figure 3.11c and 3.12c). The 2A45FPBA-modified PCCA shows no 
response to glucose (Table 3.1). 
 
Figure 3.13. Diffracted wavelength shift as a function of glucose concentration for 2APBA-
modified PCCAs with 8 h (●) and 16 h (▲) of hydrolysis measured in pH 7.4 buffered glucose 
solutions at 37 oC. The λmax is the maximum of second order diffraction peak. Lines are linear fits. 
 
Group 2 PBA-modified PCCAs generally show a blue shift with increasing glucose 
concentration up to a critical point. The 3APBA-modified PCCA shows a blue shift to glucose 
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concentration below 20 mM (Figure 3.11d). When glucose concentration exceeds 20mM, the 
diffracted wavelength start to redshift. This is because the 2:1 PBA-glucose complexes formed 
below 20 mM shrink the hydrogel while the 1:1 complexes formed at higher concentrations lead 
to the hydrogel volume expansion. Other Group 2 PBA-modified PCCAs generally show similar 
response curves, with 5A2FPBA-, 3A5CyanoPBA-, and 3A5NitroPBA-modified PCCAs start to 
redshift at ca. 10 mM glucose (Figure 3.11e-g). Group 3 PBA-modified PCCAs also show 
nonlinear blueshift to increasing glucose concentration. The 4APBA- and 4A3FPBA-modified 
PCCAs start to lose sensitivity when glucose concentration exceeds 10 mM (Figure 3.11j and k). 
The 4A3NitroPBA-modified PCCA has almost no response to glucose (Table 3.1). 
Group 4 PBAs are attached to the PCCA hydrogel matrix via acrylamidemethylene bond. The 
Group 4 PBA-modified PCCAs show much smaller response magnitude than PCCAs modified 
with Group 1-3 PBAs of similar chemical structures. This can be observed by comparing 
2Am5FPBA- and 2A5FPBA-, 3AmPBA- and 3APBA-, 4AmPBA- and 4APBA-, 5Am2FPBA- 
and 5A2FPBA-modified PCCAs. 2Am4FPBA- and 2Am5FPBA-modified PCCAs show nonlinear 
response curves and the sensitivity decreases above ca. 10 mM glucose (Figure 3.12l-m). The 
2Am5NitroPBA-modified PCCA only shows a small response when glucose is below 10 mM and 
loses sensitivity when glucose concentration exceeds ca. 10 mM (Table 3.1). The 3AmPBA-, 
4AmPBA-, and 5Am2FPBA-modified PCCAs exhibit almost no response to glucose (Table 3.1). 
Different from Group 1 PBA-modified PCCAs, which have a significant hysteresis, PCCAs 
modified with Group 2-4 PBAs do not show obvious hysteresis. 
Fast response kinetics are critical for glucose monitoring, in particular, continuous glucose 
monitoring [2]. Group 1 PBA-modified PCCAs exhibit both slow and fast kinetics, depending on 
the substituents of the PBA. Group 2 PBA-modified PCCAs all show fast response kinetics (Figure 
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3.12d-i). Compared to 3APBA and 3A4FPBA, the 4APBA- and 4A3FPBA-modified PCCAs 
undergo slower response kinetics (Figure 3.12j-k). For Group 4, the 2Am4FPBA- and 
2Am5FPBA-modified PCCAs show fast response kinetics (Figure 3.12l-m).  
3.6 Rate-Limiting Parameters in Response Kinetics 
The response kinetics of the PBA-modified PCCAs to glucose are regulated by at least two 
processes, diffusion of glucose into the hydrogel matrix and the chemical reactions between 
glucose and PBAs. To study the rate-limiting step, the thickness of PBA-modified PCCAs was 
varied in the range of 30-120 µm.  The response kinetics were tested from 0 to 10 mM glucose. 
Decreasing the thickness of 2APBA- and 2A5FPBA-modified PCCAs doesn’t show improvement 
on response kinetics. As can be observed from Figure 3.14a-b, PCCAs of both 30 and 120 µm do 
not reach equilibrium within 2 h of testing. This indicates that glucose diffusion is not rate-limiting.  
In contrast, the 3APBA- and 4APBA-modified PCCAs reach equilibrium within ca. 40 min (Figure 
3.14c-d). This suggests that the reactions of glucose with immobilized 3APBA and 4APBA are 
more rapid than the binding with 2APBA and 2A5FPBA. For both 3APBA and 4APBA, the 30-
µm thick PCCAs show faster response kinetics than the 120-µm thick PCCAs, indicating that the 
glucose diffusion substantially contributes to the response kinetics. As the PCCAs have identical 
hydrogel backbones and similar water volume fractions, glucose diffusion kinetics are similar. 
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Figure 3.14. Response kinetics of PCCAs modified with (a) 2APBA, (b) 2A5FPBA, (c) 3APBA 
and (d) 4APBA from 0 to 10 mM pH 7.4 buffered glucose solution at 37 oC. The 30- and 120-μm 
thick samples are indicated by ▲ and ●, respectively. Δλmax is the normalized shift of diffracted 
wavelength maximum, which is calculated as 100 × (λ − λmin)/(λmax −λmin) (%), where λ is the 
diffraction wavelength maximum, and λmax and λmin are the longest and shortest observed 
diffraction wavelengths, respectively. The lines connecting data points are to aid the eye. 
 
3.7 PBA-Dependent Response Mechanisms 
The diffracted wavelength shift of PBA-modified PCCAs during glucose sensing is a function 
of the glucose-induced hydrogel volume change, which is regulated by the concentration of 
crosslinking 2:1 PBA-glucose complexes and charged 1:1 PBA-glucose complexes. Therefore, the 
response of PBA-modified PCCAs can be employed to study the interactions of immobilized PBAs 
with glucose. In Group 1, 2APBA- and 2A5FPBA-modified PCCAs exhibit a linear and slow 
response to 0-30 mM glucose, which is different from Group 2-4 PBAs. Here, we use the 2APBA-
modified PCCA to discuss the glucose sensing mechanism and contrast it to that of a fast and 
nonlinear system, 3APBA-modified PCCA. Once 2APBA is immobilized in a PAAm hydrogel 
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matrix, a heterocyclic structure is probably formed by an intramolecular B-O bond between the 
boron atom and amide linkage at the ortho position (Figure 3.15a) [28-30]. A weak coordination 
interaction provides partial positive and negative charge on oxygen and boron atom near neutral 
pH, respectively. However, the detailed structure is not clear yet. On the other hand, the 
immobilized 3APBA does not have such a heterocyclic structure (Figure 3.15b). 
 
Figure 3.15. Chemical equilibrium of immobilized (a) 2APBA (proposed) and (b) 3APBA in 
aqueous environment under different pH values. 
 
When an intramolecular B-O bond forms, the C=O bond of the carbonyl group becomes 
weaker, which should be observed using Raman spectroscopy. For this purpose, PAAm hydrogel 
films were hydrolyzed for 70 h and functionalized with different PBAs. The Raman spectra of 
PBA-modified PAAm films are shown in Figure 3.16a. The carbonyl peak in 2APBA-modified 
film appears at a lower wavenumber compared with the carbonyl peaks in films functionalized 
with 3APBA, 4APBA, 4A3FPBA and 2Am4FPBA. This indicates the increased length of C=O 
bond and interactions between the carbonyl group and the vicinal boronic acid. To confirm this 
conclusion, 2-acetylaminophenylboronic acid (2AcePBA), 3-acetylaminophenylboronic acid 
(3AcePBA) and 4-acetylaminophenylboronic acid (4AcePBA) (the amide forms of 2APBA, 
3APBA and 4APBA), which are mimics of the immobilized 2APBA, 3APBA and 4APBA, were 
(a)
(b)
δ+
δ-
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measured by Raman spectroscopy (Figure 3.16b). The chemical structures of 2AcePBA, 3AcePBA 
and 4AcePBA are shown in Figure 3.17. The carbonyl peak of 2AcePBA is at a lower wavenumber 
than those of 3AcePBA and 4AcePBA, indicating that the heterocyclic structure also forms in 
2AcePBA. It should be pointed out that the PBAs are not completely hydrated during Raman 
spectroscopy, as such the spectra may not fully reflect the hydrated structures.  
The Raman spectra were taken using a confocal imaging microscope with a 532-nm laser and 
100× long working distance objective lens (Horiba LabRAM HR 3D). The Spectra of AcePBAs 
were taken on pallets composed of the corresponding AcePBA and KBr. 
 
Figure 3.16. Raman spectra of (a) PBA-modified PAAm films and (b) AcePBAs which are the 
mimics of immobilized PBAs in PAAm films. The specific PBA is labeled above each spectrum. 
 
 
Figure 3.17. Chemical structures of 2AcePBA (proposed), 3AcePBA and 4AcePBA, which are 
equivalents of the immobilized 2APBA, 3APBA and 4APBA in the PCCA hydrogel matrix. 
 
The small, linear and slow response of 2APBA-modified PCCA is ascribed to the heterocyclic 
structure formed on the immobilized 2APBA moieties, which leads to low reactivity to glucose. 
500 750 1000 1250 1500 1750 2000
 
PAAm
Wavenumber (cm
-1
)
In
te
n
s
it
y
 (
a
.u
.)
 
 
2Am4FPBA
4A3FPBA
4APBA
3APBA
 
2APBA
C=O
500 750 1000 1250 1500 1750 2000
Wavenumber (cm
-1
)
 
 
In
te
n
s
it
y
 (
a
.u
.)
4AcePBA
3AcePBA
2AcePBA
C=O
(a) (b)
δ+
δ-
53 
 
To test the reactivity of immobilized PBAs to glucose, Alizarin Red S (ARS) which contains a 
pair of 1,2-diol was employed as the color indicator for UV-Vis spectroscopy. The chemical 
equilibrium of ARS with boronic acid is shown in Figure 3.18. ARS showed an instant color 
change from red to orange when mixed with 3AcePBA and 4AcePBA, leading to the change in 
UV-Vis absorbance spectra (Figure 3.19a), indicating the fast response kinetics of ARS to 
3AcePBA and 4AcePBA. In contrast, the absorbance spectrum of ARS didn’t change upon mixing 
with 2AcePBA, and remained the same even after 2 h, indicating the low reactivity of 2AcePBA 
with ARS (Figure 3.19a). Different from AcePBAs, 2APBA, 3APBA and 4APBA all showed fast 
and distinct responses to ARS as illustrated in Figure 3.19b. By comparing 2ABA and 2AcePBA, 
we can ascribed the low reactivity of 2AcePBA with ARS to the heterocyclic structure formed 
between the carbonyl group and its neighboring boronic acid. The carbonyl in either 3AcePBA or 
4AcePBA does not change the reactivity to ARS. The UV-Vis absorbance spectra were collected 
on a Shimadzu UV-2450 spectrometer. PBA and ARS solutions were made in pH 7.4 buffer and 
stored overnight before test. The same buffer solution was used as the reference. Quartz cuvettes 
with 10 mm light path length were used during the measurements. 
 
Figure 3.18. Simplified chemical reaction scheme of ARS with PBA at near-neutral pH [19]. 
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Figure 3.19. UV-Vis spectra of 0.1 mM ARS mixed with 1.0 mM PBAs in pH 7.4 buffer at 20 oC.  
(a) 0.1 mM ARS (black), ARS with 2AcePBA (red), 3AcePBA (blue), and 4AcePBA (green); (b) 
0.1 mM ARS (black), ARS with 2APBA (red), 3APBA (blue), and 4APBA (green). 
 
In 2APBA-modified PCCA, due to the formation of the heterocyclic structure, the boron atom 
is negatively charged at physiological pH, which is different from in 3APBA-modified PCCA, 
where the boron atom is neutral. Therefore, the 2APBA-modified PCCA is swollen relative to the 
3APBA-modified PCCA. This agrees with the fact that the diffracted wavelength of 2APBA-
modified PCCA is at a longer wavelength. In response to glucose, the immobilized 2APBA forms 
2:1 complex, leading to the shrinkage of hydrogel and concomitant blue shift of diffracted light 
[28]. It is difficult for free glucose to displace the 2:1 complex into 1:1 complexes and therefore, 
no red shift was observed during increasing glucose concentration, quite unlike the response of 
3APBA-modified PCCA (Figure 3.11a and d).  Due to a longer hydrolysis time during synthesis, 
the concentration of 2APBA in 2APBA-modified PCCA is higher than the 3APBA concentration 
in 3APBA-modified PCCA (Table 3.1 and 3.2).  
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Table 3.2. Boron analysis on bulk hydrogels modified with 2APBA and 3APBA after different 
hydrolysis timesa. 
 
a Bulk PAAm hydrogel of the same composition as the PCCA matrix was rinsed with Millipore water and shredded 
before chemical modification to facilitate the diffusion of reactants. The shredded PAAm hydrogels were hydrolyzed 
for 3, 6, and 16 h followed by functionalization with 2APBA and 3APBA, respectively. The PBA-modified hydrogels 
were rinsed thoroughly with DMSO and Millipore water and vacuum dried. ICP analysis on boron was performed 
using a PerkinElmer 2000DV ICP-OES instrument.  b in mmole of PBA per gram of dry hydrogel.  
 
To eliminate effects induced by the difference in PBA content, a 2APBA-modified PCCA 
with 3 h of hydrolysis, which is the same hydrolysis time of the 3APBA-modified PCCA, was 
tested. For 2APBA-modified PCCAs with 3 h and 8 h of hydrolysis, a linear response was observed 
in the range of 0-30 mM glucose (Figure 3.20). By further increasing glucose concentration, the 
diffracted wavelength of the 3 h-hydrolyzed sample gradually deviates from linearity. When 
glucose concentration exceeds 300 mM, the wavelength starts to red shift, which is caused by the 
dissociation of 2:1 complexes (Figure 3.20a). For the 8 h-hydrolyzed sample, the deviation from 
linearity is also apparent, but the critical concentration where diffracted wavelength starts to red 
shift cannot be determined (Figure 3.20b). The behavior of blue shift at low glucose concentration 
and red shift at high glucose concentration is similar to that of 3APBA-modified PCCA. However, 
the critical concentration where the diffracted wavelength starts to redshift is much higher for 
2APBA-modified PCCAs, indicating that the 2:1 complex is more stable in 2APBA-modified 
system than in 3APBA-modified system. The dissociation of 2:1 2APBA-glucose complex by free 
glucose is not favored, probably because of the steric hindrance around the boron atom. 
    3APBA     2APBA   
Hydrolysis Time (h) 16  6  3  16  6  3  
PBA Content
a
 1.19 0.77 0.38 1.16 0.75 0.54 
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Figure 3.20. Diffracted wavelength as a function of glucose concentration for PCCAs modified 
with 2APBA after (a) 3 h and (b) 8 h hydrolysis in pH 7.4 buffer at 37 oC. The λmax is the maximum 
of diffraction peak.  
 
The large hysteresis of 2APBA-modified PCCA is caused by the slow kinetics of the 2APBA-
glucose interactions and not related to the PAAm hydrogel matrix.  For Group 2-3 PBA-modified 
PCCAs, when glucose concentration is low, the 2:1 complex forms and results in a blue shift of 
diffracted light. When glucose concentration further increases, the concentration of 1:1 complex 
increases, generating more free anionic species which swells the hydrogel and red shifts the 
diffracted light. Such nonlinear response is probably because the concentrations of 2:1 and 1:1 
complexes are not proportional to glucose concentration. The fast response and small hysteresis of 
PCCAs modified with Group 2-3 PBAs indicate that (i) the formation and dissociation kinetics of 
2:1 and 1:1 complexes are rapid; (ii) all such systems probably follow similar mechanisms. 
The abrupt change of glucose concentration, for example, from 10 to 20 mM, leads to an 
expansion of the hydrogel volume, which is reflected as a spike on the kinetics curves of PCCAs 
modified with Group 2-3 PBAs (Figure 3.12d-k). As shown in Figure 3.10, the kinetics processes 
indicated by k1, k3, and k4 may all contribute to the spikes on the kinetics curves. For example, in 
3APBA-modified PCCA, the 1:1 complex formed via k1 gradually reacts with the free 3APBA 
moieties in the vicinity via k2, generating a 2:1 complex that shrinks the hydrogel. The diffracted 
0 20 40 60 80 100
300
400
500
600
 
 

m
a
x
 (
n
m
)
Glucose Concentration (mM)
0 100 200 300 400 500
440
480
520
560
600
 
 

m
a
x
 (
n
m
)
Glucose Concentration (mM)
(a) (b)
57 
 
wavelength blue shifts until the equilibrium is reached. The abrupt red shift from 0 to 10 mM 
glucose also exists but is hard to observe. This is because k2 is fast enough to generate a sufficient 
quantity of 2:1 complex to shrink the hydrogel. During the decreasing glucose concentration steps, 
the abrupt red shift is also observed, followed by a blue shift that leads to equilibrium. The abrupt 
red shift can be ascribed to the fast dissociation of 2:1 complex via k−2. The crosslinks inside the 
hydrogel decrease and free anionic species increase, leading to the expansion in hydrogel volume. 
The free anionic 1:1 complex dissociates via k−1 over time, generating neutral boronic acid; k−4 
also leads to the decrease in anionic species, resulting in the blue shift of diffracted light. The 
abrupt red shift becomes less significant at room temperature, indicating that temperature also 
contributes at 37 °C. Since the concentrations of 2:1 and 1:1 complexes are unknown inside the 
hydrogel, it is not possible to determine the rate and equilibrium constants. Surprisingly, 2APBA- 
and 2A5FPBA-modified PCCAs do not exhibit the abrupt red shift at both room temperature and 
37 °C. Since there is no change in net charge during the 1:1 complex formation, such PCCAs do 
not undergo volume expansion. 
3.8 Substituent-Response Correlation 
To study the response magnitude of PBA-modified PCCAs after a fixed hydrolysis time, 
PCCAs were functionalized after 3 h of hydrolysis. The wavelength shift from 0 to 10 mM glucose 
is summarized in Figure 3.21.  
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Figure 3.21. First order diffracted wavelength shift from 0 to 10 mM glucose by PCCAs 
functionalized with Group 1-4 PBAs after 3 h of hydrolysis in pH 7.4 buffer at 37 oC. Δλmax is the 
shift of the diffracted wavelength maximum. 
 
For Group 1, 2A5FPBA-modified PCCA shows less wavelength shift than 2APBA-modified 
PCCA, which is due to the electron-withdrawing fluorine substituent on 2A5FPBA. Introducing 
electron-withdrawing substituents to Group 1 PBAs reduces the wavelength shift of the 
corresponding PCCAs. For Group 2 PBAs, electron-withdrawing substituents either increases or 
decreases the wavelength shift. Among Group 2, 5A2FPBA-modified PCCA has the largest 
response magnitude, because of the strong inductive effect of the vicinal fluorine substituent. 
When the electron-withdrawing group is at meta-position, as in 3A5CyanoPBA and 3A5NitroPBA, 
the inductive effect decreases, leading to smaller wavelength shift than 5A2FPBA but still larger 
than 3APBA. Nitro groups are more electronegative than cyano groups, but the wavelength shift 
of 3A5NitroPBA-modified PCCA is less than 3A5CyanoPBA-modified PCCA. 3A4MethylPBA, 
which has an electron-donating methyl group at ortho position, decreases the wavelength shift, 
compared to 3A4FPBA, which can be ascribed to the reduced reactivity of boronic acid due to the 
vicinal electron-donating groups.  
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For Group 3 PBAs, introducing electron-withdrawing groups reduces the wavelength shift of 
the corresponding PCCAs, as can be seen by comparing 4APBA-, 4A3FPBA-, and 4A3NitroPBA-
modified PCCAs. Group 4 PBA-modified PCCAs all have small wavelength shift. Increasing the 
electronegativity of substituents on Group 4 PBAs reduces the response magnitude, as indicated 
by 2Am5FPBA- and 2Am5NitroPBA-modified PCCAs. 5Am2FPBA-modified PCCA shows 
larger wavelength shift than 3AmPBA-modified PCCAs, due to the inductive effect by ortho 
fluorine substitute. As can be observed on Group 1-3 PBA-modified PCCAs, introducing electron-
withdrawing substituents on PBAs increases the response kinetics. 
3.9 Effects of Charged Species on Response 
The concentration change of charged species inside PCCA upon interacting with glucose is a 
key determinant of the response. The diffraction order used for glucose sensing and the wavelength 
at 0 mM glucose are correlated with the concentration of the charged species. Therefore, it is 
important to understand how charged species in PBA-modified PCCAs change during glucose 
monitoring. The pH induced volume change of PBA-modified PCCAs is directly expressed as 
diffracted wavelength shift, which is a function of charged species.  
The diffracted wavelength shift of PBA-modified PCCAs during pH titration can be 
categorized into two types, as illustrated in Figure 3.22.  The 3APBA-modified PCCA shows a red 
shift, starting from pH 7.0, which is due to the increase in anionic boronate ion of the immobilized 
3APBA (Figure 3.15b and 3.22a). As pH increases from 5.0 to 7.0, the diffracted wavelength 
slightly redshifts, indicating a trivial increase in the boronate ion concentration. 
The diffraction wavelength of 2APBA-modified PCCA almost does not change in pH 6.0-8.0 
probably because the heterocyclic structure is stable in this pH range. As pH exceeds 8.5, the ring 
starts to open, leading to the acyclic form of the boronate ion, which significantly redshifts the 
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diffracted wavelength (Figure 3.15a). The pH titration curves of 3APBA- and 2APBA-modified 
PCCAs are in agreement with previous reports [29, 31]. The titration curve of 2A5FPBA-modified 
PCCA is similar to that of the 2APBA-modified PCCA. Different from Figure 3.22a, 4A3FPBA-, 
2Am4FPBA-, and 2Am5NitroPBA-modified PCCAs show decreased diffracted wavelength when 
pH increases (Figure 3.22b). The fluorine and nitro substituents can form hydrogen bonds with 
protons at low pH [32-34], generating positive charges on the immobilized PBAs, which swell the 
hydrogel matrix. When the pH increases, the amount of positive charges decreases, due to the 
decreased proton concentration, which shrinks the hydrogel matrix. In the meanwhile, the neutral 
boronic acid inside the hydrogel gradually becomes anionic boronate ion, which first neutralizes 
the positive charge, shrinks the hydrogel, and then swells the hydrogel volume by increasing 
anionic species. The substituent and boronic acid both change the hydrogel volume during pH 
titration, making trends different from 3APBA-modified PCCAs. The 4A3FPBA- and 
2Am4FPBA-modified PCCAs are less swollen at pH 7.4, so the first order diffraction peaks were 
used during the glucose sensing test, while the 2Am5NitroPBA-modified PCCA is more swollen 
at pH 7.4, so only the second order diffraction peak was tracked by the detector. 
The pH titration was performed in a similar way as the glucose sensing test. The reservoir 
above the PCCA was filled with ca. 10 mL of 20 mM KH2PO4 with pH 4.5. 20mM NaOH was 
added dropwise into the reservoir to vary the pH. The PBA-modified PCCA was allowed to 
equilibrate after the pH value was changed each time. Reflectance spectra were taken at room 
temperature with a 10× objective lens on an inverted optical microscope (Axiovert 135, Carl Zeiss, 
Inc.). 
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Figure 3.22. Diffracted wavelength shift as a function of pH for PBA-modified PCCAs. The PBAs 
are labeled in the figures. Δλmax is the normalized shift of diffracted wavelength maximum, which 
is defined as 100 × (λ − λmin)/(λmax −λmin) (%), where λ is the diffraction wavelength maximum, 
λmax and λmin are the longest and shortest observed diffraction wavelengths, respectively.  
 
Since the electron-withdrawing substituents on PBAs can immobilize protons via hydrogen 
bonding, a positive charge background may exist at pH 7.4, which complicates the charge state of 
the hydrogel matrix when interacting with glucose. More specifically, the PBA-modified hydrogel 
has immobilized cations before binding with glucose, while after binding, the hydrogel contains 
both immobilized cations and anionic PBA-glucose complexes. The charge effect of electron-
withdrawing substituents may lead to reduced hydrogel volume change, although the inductive 
effect, on the other hand, increases the reactivity of PBAs toward glucose. The quantitative 
evaluation of the charge effect is outside of the scope of our study, but it may play a substantial 
role in the volumetric change of the PBA-modified hydrogels. Without the hydrogel matrix, the 
charge effect of substituents on PBAs does not affect the response of PBA-based sensors. 
3.10 Conclusion 
The interactions of glucose with PBA-modified PCCAs under simulated physiological 
conditions were studied to elucidate the dependence of the hydrogel’s volumetric response on PBA 
chemistry. For PBAs with boronic acids positioned ortho to the amide linker, a heterocyclic 
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structure, which reduces the reaction kinetics of binding with glucose, is formed and leads to a 
slow and linear but hysteretic response of the hydrogel matrix (e.g., 2APBA and 2A5FPBA in 
Group 1). PCCAs modified with PBAs that do not form the heterocyclic structure have nonlinear 
and fast kinetics, with minimal hysteresis. The substituents on PBAs can either increase or 
decrease the response magnitude. Introducing electron-withdrawing substituents increases the 
response rate. Addition of a methylene bridge between PBA and the hydrogel backbone 
significantly decreases the response magnitude. The pH titration of PBA-modified PCCAs 
indicates that the electron-withdrawing substituents may immobilize protons and compete with the 
volumetric change induced by the interactions of PBAs with glucose, resulting in the complication 
of the wavelength shift during glucose monitoring. To achieve PBA-modified hydrogel systems 
with linear fast response and minimal hysteresis, the chemical structure of PBAs and the hydrogel 
matrix must be tailored to eliminate the effects on volumetric response induced by either 1:1 or 
2:1 PBA-glucose complexes. In addition, PBAs with specific features can be found in the PBA 
library in our study and PBA derivatives with desired properties can be designed according to our 
findings. 
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 CHAPTER 4 
DESIGN AND CHARACTERIZATION OF LINEAR AND FAST 
HYDROGEL GLUCOSE SENSOR MATERIALS† 
 
4.1 Introduction 
Glucose monitoring and metabolic control by insulin therapy can regulate blood glucose levels 
for both diabetic patients and patients who suffer from traumatic events and critical illnesses [1-
3]. Real-time continuous measurements provide a full picture of blood glucose fluctuations and 
thus suffice for doctors and patients to make optimal therapeutic decisions [4]. The concept of 
continuous glucose monitoring (CGM), which may benefit a huge population worldwide, has 
attracted considerable research efforts. According to a review paper published in 2011, glucose 
sensor market is likely to be the biggest one in diagnostic field, with billions of dollars per year at 
that moment, and the largest need is for continuous sensors [5].  
To provide continuous measurements, a CGM device should have high precision, accuracy, 
and sensitivity in vivo over the clinically relevant glucose range of 40-700 mg/dL (2.2-38.9 mM), 
reflecting the requirements for the corresponding sensor materials [6, 7]. Though the ultimate goal 
of CGM, an implantable sensor that can monitor blood glucose continuously and automatically 
trigger the release of insulin, has yet been fulfilled, substantial progress has been witnessed in all 
walks of related areas. A good example is the enzyme-based glucose electrodes, which have 
significantly progressed toward long-term in vivo applications [8]. As an alternative, or perhaps 
complimentary to glucose oxidase, phenylboronic acid (PBA) should also be considered as a 
sensing moiety for constructing CGM devices. PBAs can bind with cis-diols in glucose, changing 
                                                 
† The content of this chapter is partially published in: “Linear and Fast Hydrogel Glucose Sensor Materials 
Enabled by Volume Resetting Agents”, Chunjie Zhang, Gerry G. Cano and Paul V. Braun, Advanced 
Materials, 2014, 26, 5678-5683. 
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fluorescence in PBA-modified fluorophores and volume in PBA-modified hydrogels [9, 10]. The 
PBA-modified hydrogels are attractive materials for CGM, because the hydrogel matrix can limit 
biofouling and covalently immobilize PBA, which is the glucose sensing moiety with high 
operational stability [11]. In addition, the versatility of PBA chemistry offers flexibility to 
customize the sensor materials to operate over a wide glucose concentration and pH range for 
various clinical and industrial applications.   
Despite the large body of research work on PBA-based carbohydrate sensors, PBA-modified 
hydrogels still suffer from what appears to be an intrinsic limitation, a highly nonlinear glucose-
induced volume change, because of the complexity of PBA binding with glucose [12-18]. Since 
glucose contains two cis-diols, at low concentrations it can bind with two PBAs, generating a 2:1 
PBA-glucose complex, a crosslinker that shrinks the hydrogel volume. As glucose concentration 
increases, the 2:1 complex breaks into two charged 1:1 PBA-glucose complexes which swell the 
hydrogel volume [13, 18, 19]. The combination of 2:1 and 1:1 complexes results in a non-linear 
correlation of the hydrogel volume with glucose concentration. Within the clinically relevant 
glucose range, the hydrogel may lose sensitivity with increasing glucose concentration and exhibit 
the same volume at two different concentrations, limiting its application as glucose sensor 
materials (Figure 4.1a).   
In the previous chapter, we studied the response of hydrogels modified with ca. 20 chemically 
distinct PBAs. The only PBAs (2APBA and 2A5FPBA) that exhibit a linear response over the 
clinically relevant glucose concentration range have slow kinetics and large hysteresis upon a 
cyclic sweep of glucose from 0 mM to 30 mM back to 0 mM. PBAs that show fast response kinetics 
are highly nonlinear within the clinical range.  A method of tailoring the immobilized PBA-glucose 
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interactions other than molecular design of PBA chemical structure is needed to achieve a linear 
and fast response.  
 
Figure 4.1. The volume change of (a) conventional PBA-modified hydrogels and (b) volume 
resetting agent loaded PBA-modified hydrogels as a function of clinically relevant glucose 
concentration. The y axis is the normalized hydrogel volume change. The shaded area indicates 
the volume shrinkage induced by the volume resetting agent prior to glucose sensing. 
 
4.2 Sensor Design Protocol 
We proposed that the coexistence of the 2:1 and 1:1 PBA-glucose complexes needs to be 
eliminated to achieve a linear response.  In this chapter, we use a volume resetting agent to 
minimize the competing effects of these two complexes to construct sensor materials that have a 
linear and fast response over the clinically relevant glucose concentration range under a simulated 
physiological environment. To provide an optical readout of the hydrogel volume change, a 
photonic crystal is embedded in the hydrogel by fabricating the hydrogel into a polymerized 
crystalline colloidal array (PCCA) [20]. The reflected wavelength of the embedded photonic 
crystal is a function of the hydrogel volume [21]. Since glucose concentration is determined only 
by the peak position (wavelength), not the intensity of the diffraction, the readings could be more 
precise and accurate, even in a complex environment [5].  
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PBAs have lower binding constants to 1,3-diols than 1,2-diols, and therefore, 1,2-diol 
containing molecules can displace 1,3-diols in preformed 1,3-diol-PBA complexes [22-25]. As the 
2:1 complex is formed at low glucose concentrations, it is possible to crosslink most of the PBA 
functionalities at zero glucose concentration by introducing a molecule with multiple 1,3-diols into 
the hydrogel. When glucose comes in, it only swells the hydrogel via 1:1 complex formation and 
elimination of preformed crosslinks (Figure 4.1b and 4.2). The added 1,3-diol appended molecule 
is termed as the “volume resetting agent” based on its function of reducing the hydrogel volume 
by crosslinking the immobilized PBA functionalities.   
 
Figure 4.2. A schematic illustration of the general design protocol of the linear and fast glucose 
responsive hydrogel. 
 
4.3 Synthesis of Glucose Responsive PCCAs 
Poly(vinyl alcohol) (PVA) has been used to build the glucose responsive hydrogels following 
a competitive binding mechanism, demonstrating that PBA-PVA complexes can be decoupled by 
glucose and PVA can be used as the volume resetting agent. The fabrication includes crosslinking, 
layer-by-layer assembly of PBA-modified polymers and PVA, or introducing boric acid into a 
PVA hydrogel [26-28]. Different from these approaches, in our design, PVA is diffused into a 
preformed PBA-containing hydrogel as a volume resetting agent to crosslink the PBA 
functionalities and shrink the hydrogel volume prior to glucose sensing. Therefore, the resultant 
PVA-loaded hydrogel only swells upon exposure to glucose, without showing the volume 
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shrinkage caused by 2:1 PBA-glucose complexes in conventional PBA-modified hydrogels. The 
stored elastic energy during volume resetting process contributes to the linear volume expansion 
during glucose sensing. It is noteworthy that some hydroxyl-containing natural polymers including 
chitosan, carboxymethyl cellulose (sodium salt), starch, alginate (sodium salt) and dextrin, did not 
have the volume resetting effect on PBA-modified hydrogels. The ineffectiveness in shrinking the 
hydrogel should be ascribed to the different polymer properties relative to PVA, such as rigid 
backbone and low affinity to boronic acid. 
Preparing the PBA-modified PCCA involves three steps (Figure 4.3), including 
polymerization of acrylamide monomers in a crystallized polystyrene (PS) colloidal suspension, 
partial hydrolysis of the polyacrylamide (PAAm) hydrogel to create carboxylate sites, and 
boronation to attach PBA functionalities.  During boronation, tris(hydroxymethyl)aminomethane 
(Tris), which localizes PVA via hydrogen bonding and also has the volume resetting function, is 
incorporated into the hydrogel matrix.  The volume resetting agent PVA is then diffused into the 
hydrogel to crosslink the immobilized PBAs and reduce the hydrogel volume.  The resultant sensor 
material is denoted as PBA-Tris-PVA PCCA.  When exposed to glucose, the PBA-PVA-PBA 
crosslinks inside hydrogel are replaced by 1:1 PBA-glucose complexes, leading to a hydrogel 
volume expansion and commensurate redshift of light diffracted by the embedded photonic crystal. 
The wavelength shift is linearly correlated with clinically relevant glucose concentration, and 
eventually saturates at high concentrations when the PBA-PVA-PBA crosslinks are mostly 
replaced by 1:1 PBA-glucose complexes. 
The synthetic procedure of highly charged monodispersed PS colloidal particles is described 
in Chapter 3. Acrylamide/N,N’-methylenebisacrylamide mixture (0.35 g, 37:1 weight ratio) was 
dissolved in an aqueous crystalline PS colloidal suspension (5.0 g) and shaken on a Vortex mixer 
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for 15 min in the presence of mixed bed resin. 0.1 g of DEAP solution (0.1 g DEAP dissolved in 
1.0 g DMSO) as the photo-initiator was added to the above mixture and mixed for another 15 min. 
The resultant polymerization solution showed bright opalescence due to the diffraction of visible 
light. The solution was polymerized inside a cell composed of an acrylate-functionalized bottom 
glass slide, a 30-µm thick spacer (20 mm inner diameter), and a fluorinated top slide for 2 h under 
a mercury UV lamp (Blak-Ray® longwave lamp B-100AP, 365 nm, 100 W, intensity: 21700 
µW/cm2). The resultant PAAm PCCA was attached to the acrylate-functionalized bottom slide and 
stored in water prior to use. The partial hydrolysis took place in a basic solution containing sodium 
hydroxide (0.16 g), sodium chloride (0.35 g), N,N,N’,N’-tetramethylethylenediamine (4.0 g) and 
water (40.0 g) for 9 h at room temperature. No agitation was applied during the hydrolysis. The 
PBA (e.g. 3APBA) and cofunctionality (e.g. Tris) with a certain feed ratio were conjugated to the 
hydrolyzed sample in the presence of N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide 
hydrochloride (EDC).  The PBA-modified PCCA was treated with an aqueous solution containing 
PVA and EDC.  The resultant hydrogel sensor material was rinsed with 150 mM sodium chloride 
solution and pH 7.4 phosphate buffered glucose solution to remove the loosely bonded PVA before 
testing.  Detailed synthetic procedures of specific materials are provided in the following sections. 
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Figure 4.3. Synthetic procedure and the volumetric response of the glucose responsive 
polymerized crystalline colloidal array (PCCA).  i, Photopolymerization for the PAAm PCCA.  ii, 
Hydrolysis to generate carboxylates on PAAm hydrogel matrix.  iii, Coupling PBA and Tris onto 
the hydrogel matrix.  iv, Crosslinking PBA moieties by the volume resetting agent PVA.  v, 
Reversible volume response to glucose via dissociation and association of the PBA-PVA-PBA 
complexes. 
 
4.4 Structural Characterization of Glucose Responsive PCCAs 
Figure 4.4 illustrates the detailed chemical structure of the reversible crosslinks in the PBA-
Tris-PVA PCCA hydrogel matrix. The hydrogel contains about five types of linear repeating units: 
amide, Tris, PBA, carboxylate and ester. The total concentration of Tris and PBA in the hydrogel 
is controlled by the hydrolysis process (Figure 4.3 step ii). Because the chemical components of 
the hydrolysis solution are fixed in this study, the quantity of the solution is far in excess relative 
to the PAAm hydrogel and the temperature of the hydrolysis reaction is kept at room temperature, 
the total concentration of Tris and PBA is only determined by the hydrolysis time. The molar ratio 
of PBA to Tris functionality inside the hydrogel is regulated by the feed ratio during 
(a)
(b)
= PBA = Volume resetting agent = Glucose
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functionalization (Figure 4.3 step iii). The total quantity of Tris and PBA is fixed to be in great 
excess to the carboxylates created during hydrolysis. A portion of the leftover carboxylates reacts 
with the hydroxyls of PVA assisted by EDC during the volume resetting process [29-32]. 
However, the concentration of the resultant ester linkage cannot be quantitatively determined.  
To study the chemical composition of the hydrogel matrix, Raman spectroscopy was 
performed on dry hydrogel thin films which do not contain the embedded polystyrene particles. 
Two pieces of 30-μm thick PAAm hydrogel films were hydrolyzed for 9 h and functionalized with 
3APBA and Tris (molar feed ratio 1:30). One 3APBA-Tris-modified hydrogel film was rinsed 
multiple times with Millipore water, dried in air and measured using Raman spectroscopy. The 
Raman spectrum is shown in Figure 4.5a. The other 3APBA-Tris-modified hydrogel film was 
treated with PVA and EDC for 24 h, rinsed intensively with Millipore water, dried in air and 
measured by Raman spectroscopy (Figure 4.5c). By comparing its spectrum with the spectrum of 
PVA film (Figure 4.5b), the peak at 917 cm-1 indicated by the arrow is ascribed to the C-C 
stretching in PVA [33]. Therefore, it is evident that PVA is immobilized in the 3APBA-Tris-
modified hydrogel. 
 
Figure 4.4. Chemical structure of PBA-Tris-PVA-modified PAAm hydrogel and the reversible 
crosslinks that are dissociated by glucose. 
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Figure 4.5. Raman spectra of (a) 3APBA-Tris-modified PAAm film, (b) PVA film and (c) 
3APBA-Tris-PVA-modified PAAm film.  
 
To quantify the PBA and PVA concentration in the PBA-Tris-PVA modified hydrogels, ICP 
analysis on boron concentration of bulk hydrogels was performed using a PerkinElmer 2000DV 
ICP-OES. The bulk hydrogels did not contain PS colloidal particles. PAAm hydrogel with the 
same composition as the PAAm PCCA matrix shown in Figure 4.3 was used to prepare the samples 
for ICP analysis. The detailed preparation procedures are summarized in Table 4.1. 
Table 4.1. Sample preparation for ICP analysis on boron concentration. 
 
a The starting material of sample A-D is bulk PAAm hydrogel (2.5g) containing about 0.17g PAAm. b The hydrolysis 
solution for each sample comprises sodium hydroxide (0.40 g), sodium chloride (0.88 g), N,N,N’,N’-
tetramethylethylenediamine (4.0 g) and water (100g). The hydrolysis solution after 4.5 h was replaced with fresh 
hydrolysis solution. The hydrolysis was conducted at room temperature. c Functionalization was performed in the 
presence of EDC as the coupling agent at pH 4.5. The quantity of both EDC and functionality was in excess relative 
to the carboxylates created during hydrolysis. The feed ratio of 3APBA: Tris during functionalizing Sample C and D 
was 1:30.  d After 24 h of PVA infiltration in the presence of EDC, sample B and D were rinsed with Millipore water 
for 24 h before freeze drying. Sample A and B which were not infiltrated with PVA were also rinsed with Millipore 
water for 24 h before freeze drying. Rinsing included multiple times of exchanging Millipore water.  
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The ICP results on boronic acid content in Sample A-D are summarized in Table 4.2. The 
PVA concentrations in Sample B and D are calculated using the calibrated boronic acid content in 
Sample A-B and C-D, respectively, following Equation 4.1. 
w =
Cwithout PVA-Cwith PVA
Cwithout PVA
× 100%                       Equation 4.1 
where w denotes the PVA weight percentage in the PVA infiltrated hydrogels. Cwithout PVA and 
Cwith PVA are the calibrated boronic acid concentrations in hydrogel samples before and after PVA 
infiltration. The 3APBA-Tris-PVA modified hydrogel (Sample D) has a higher PVA concentration 
(27 wt%), about twice the PVA concentration in the 3APBA-PVA modified hydrogel (Sample B, 
13 wt%), even Sample D has a lower 3APBA concentration. This leads to the conclusion that the 
Tris functionality is also a major contributor to immobilizing PVA in the hydrogel beside boronic 
acids. 
Table 4.2. Boron concentrations by ICP analysis in Sample A-D. 
 
a Boron weight percentage in the freeze-dried hydrogels.  b mmole of 3APBA per gram of freeze-dried hydrogel. c The 
concentration of bound water in freeze-dried hydrogels was determined by thermogravimetric analysis. The “dry mass” 
is the mass after removing bound water at 120 oC. The ratio of “dry mass” to “mass after freeze drying” was used to 
calibrate the “boronic acid content” calculated from the ICP results in b. d mmole of 3APBA per gram of dry hydrogel 
with bound water removed as described in c. e PVA weight percentage in dry hydrogels with bound water removed.  
  
4.5 Sensing Performance of Glucose Responsive PCCAs 
To fully cover the clinically relevant glucose concentration, a cyclic sweep of glucose between 
0 and 50 mM was conducted under simulated physiological conditions (pH 7.4 PBS buffer with 
physiological salinity at 37 oC, prepared by dissolving phosphate buffered saline tablets in 
Sample A B C D 
Functionality 3APBA 3APBA-PVA 3APBA-Tris 3APBA-Tris-PVA 
Boron concentration a 0.90% 0.76% 0.11% 0.08% 
Boronic acid content b 0.83 0.70 0.10 0.07 
(Dry mass)/(mass after freeze drying) c 0.92 0.90 0.95 0.90 
Calibrated boronic acid content d 0.90 0.78 0.11 0.08 
PVA concentration e NA 13% NA 27% 
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Millipore water). The same sweep was performed on the same sensor material one day prior to the 
test to ensure the observed sensor performance was close to the equilibrated state (Figure 4.6).   
 
Figure 4.6. (a) Diffracted wavelength during a cyclic sweep of glucose concentration between 0 
and 50 mM. (b) Diffracted wavelength as a function of time during the cyclic sweep. The 
measurements were performed in pH 7.4 PBS at 37 °C. λmax is the wavelength corresponding to 
the maximum of the first order diffraction peak. 
 
The diffracted wavelength of the PBA-Tris-PVA PCCA linearly correlates to glucose 
concentration (R2=0.998) (Figure 4.7a-b).  The hysteresis at 10 mM glucose is 1.6 nm, which 
corresponds to ca. 0.9 mM glucose.  The minimal hysteresis is provided by the rapid response 
kinetics (Figure 4.7c).  In the 0-10 mM step, the time needed to reach 90% of the equilibrated 
wavelength shift (t90) is ca. 7 min while for 30-40 mM step, t90 is ca. 12min. Besides hysteresis, 
minimal drift is also needed.  If PVA leaches from the hydrogel, significant drift may occur.  Drift 
was observed when PVA was not well localized in the hydrogel (Figure 4.8). Drift was largely 
eliminated by incorporating Tris into the hydrogel, probably because the hydrogen bonding 
between Tris and PVA prevents PVA from leaching. The Tris-containing sensor material has good 
stability and only showed a few nanometer drift over 3 days in 5 mM glucose solution under 
simulated physiological conditions (Figure 4.7d).  To better mimic physiological conditions, 
glucose dissolved in pH 7.4 human blood serum was used for testing the sensor response.  As 
illustrated in Figure 4.7e-f, the diffracted wavelength shift in human blood serum (7.8 nm per mM 
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glucose) is larger than in pH 7.4 PBS (4.0 nm per mM glucose), however, the kinetics in human 
blood serum (t90=ca. 11 min) are slower than in pH 7.4 PBS (t90=ca. 7 min).  
 
Figure 4.7.  Glucose sensing performance of the PBA-Tris-PVA PCCAs.  (a) Diffraction spectra 
during an increasing glucose sweep in 10 mM steps.  (b) Diffracted wavelength during a cyclic 
sweep of glucose concentration between 0 and 50 mM glucose.  (c) Kinetics of the diffracted 
wavelength shift during the glucose concentration sweep.  (d) Diffracted wavelength over 72 h in 
5 mM glucose.  (e) Diffracted wavelength as a function of glucose concentration in human blood 
serum and in pH 7.4 PBS buffer.  (f) Kinetics of the diffracted wavelength shift during the glucose 
concentration change in human blood serum and in pH 7.4 PBS buffer.  The PBA-Tris-PVA PCCA 
in (e) and (f) has a higher PBA loading than the one in (a-d). Lines in (b) and (e) are linear fits.  
All tests were performed at 37 °C. The pH of the human blood serum in (e) and (f) is 7.4.  λmax is 
the wavelength of the maximum of the first order diffraction peak. 
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Figure 4.8. Diffracted wavelength of 3APBA-modified PCCAs with (a) low 3APBA content and 
(b) high 3APBA content, during a cyclic sweep of glucose concentration. The measurement was 
performed in pH 7.4 PBS at 37 °C. λmax is the wavelength of the maximum of the first order 
diffraction peak. 
 
For all concentration steps, the response kinetics are faster upon decreasing glucose 
concentration relative to increasing glucose concentration. The response kinetics are not diffusion 
limited, as the response time of a 30-µm thick sensor is similar to that of a 10-µm thick sensor.  
Estimated from a diffusion coefficient of 4.5×10-7 cm2/s [34], the time that glucose needs to diffuse 
30 µm inside a hydrogel is ca. 10 seconds and the time for reaching equilibrium with outside 
solution is less than 1 min. We hypothesize that this is due to the low concentration of PBA and 
high concentration of PVA repeating units inside the hydrogel (Table 4.2).  The hydrogel expands 
when free glucose dissociates a PVA-PBA complex, and contracts when a PVA repeating unit 
reacts with PBA.  Since the PBA concentration inside the hydrogel is low, the resultant PVA-PBA 
complex also has a low concentration. This leads to the slow kinetics of glucose induced 
dissociation during increasing glucose concentration. When glucose departs from the PBA-glucose 
complex in the decreasing concentration steps, the high concentration of PVA repeating units leads 
to the fast complex formation kinetics with PBA. It was also observed that the response kinetics 
are faster at low glucose concentrations during increasing glucose concentration sweep and faster 
at high glucose concentrations during decreasing glucose concentration sweep. We hypothesize 
0 10 20 30 40 50
820
840
860
880
900
920
940
Glucose Concentration (mM)

m
a
x
 (
n
m
)
 Increasing Glucose 
 Decreasing Glucose
  
0 10 20 30 40 50
550
600
650
700
750
800
850
 
 

m
a
x
 (
n
m
)
Glucose Concentration (mM)
 
 
 Increasing Glucose 
 Decreasing Glucose
(a) (b)
77 
 
that a distribution of strain and reactivity of the PBA-PVA complexes exists in the hydrogel. The 
highly strained PBA-PVA complexes have higher reactivity toward glucose, and thus bind glucose 
via faster kinetics, while the less strained complexes react with glucose via slower kinetics. During 
increasing glucose concentration, the highly strained complexes start to react with glucose at low 
concentrations, resulting in fast response kinetics. At higher glucose concentrations, these highly 
reactive complexes have been consumed, and only the less strained complexes remain, which have 
slower reaction kinetics. During decreasing glucose concentration, the converse situation exists. 
When glucose initially leaves the system, the less strained PBA-PVA complexes form rapidly. At 
lower concentrations in decreasing glucose concentration sweep, the more strained PBA-PVA 
complexes form via slower kinetics. This sensor design operates at physiological pH, which is 
below pKa of the corresponding boronic acid, 3-aminophenylboronic acid (pKa=8.5 when 
conjugated in the hydrogel), possibly because the pKa of PBA-PVA complex is close to 
physiological pH [35, 36].   
The sensor material in Figure 4.7a-d was fabricated according to the procedure in Section 4.3. 
The PCCA after hydrolysis was treated with an aqueous solution containing EDC (76.6 mg), 
3APBA (1.2 mg, 6.7 µmol), Tris (49.0 mg, 0.4 mmol), sodium chloride (0.1756 g), and water (20.0 
g) for 24 h at pH 4.5. To accurately weigh 3APBA, 0.124 g of 3APBA was dissolved in 40 g of 
Millipore water and 0.40 g of the solution was used. Tris was also first dissolved in Millipore water 
and an aliquot that contains 49.0 mg of Tris was added. Millipore water was used to finalize the 
total water content to 20.0 g. The same means of weighing reactants was used in all experiments. 
The 3APBA-Tris PCCA was treated with PVA aqueous solution (20 g, 1.25 wt%) in the presence 
of EDC (0.15 g) for 24 h to generate 3APBA-Tris-PVA PCCA.  
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The sensor material in Figure 4.7e-f was also fabricated according to the procedure in Section 
4.3. The partially hydrolyzed PCCA was immersed in an aqueous solution containing EDC (76.6 
mg), 3APBA (2.2 mg, 13.3 µmol), Tris (49.0 mg, 0.4 mmol), sodium chloride (0.1756 g), and 
water (20.0 g) for 24 h at pH 4.5. The resultant 3APBA-Tris PCCA was treated with PVA aqueous 
solution (20 g, 1.25 wt%) in the presence of EDC (0.15 g) for 24 h to generate 3APBA-Tris-PVA 
PCCA.  
4.6 Modulation of Sensing Performance 
The glucose sensing performance can be tailored by molecular design during the hydrogel 
synthesis, offering flexibility in controlling the sensitivity, dynamic range, and response kinetics 
of the sensor material. The sensitivity, which is the wavelength shift for a given glucose 
concentration change, can be varied by changing the PBA loading and the PBA-glucose interaction 
strength. The PBA-Tris-PVA PCCA with a high PBA content (Figure 4.7e) shows a higher 
sensitivity than an otherwise identical PBA-Tris-PVA PCCA with a low PBA content (Figure 
4.7b).  By using a more reactive PBA, 5-amino-2-fluorophenylboronic acid (5A2FPBA), instead 
of the less reactive 3APBA, higher sensitivity (12 nm/mM glucose over the range of 0-10 mM 
glucose) can be achieved (Figure 4.9a-b versus Figure 4.7e-f).  A method of improving response 
kinetics is to replace Tris with N,N-dimethylethylenediamine.  The complex formed between 
immobilized 3APBA and tertiary amine of N, N-dimethylethylenediamine is more reactive to 
glucose than 3APBA at physiological pH [37-41], leading to a t90 of 3 min from 0-10mM glucose 
(Figure 4.9c-d).   
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Figure 4.9.  Glucose sensing performance of customized photonic hydrogel sensors.  (a) Diffracted 
wavelength shift of 5A2FPBA-Tris-PVA PCCA, which is for responding at low glucose 
concentrations, as a function of glucose concentration.  Lines connecting data points are to aid the 
eye.  (b) Kinetics of the diffracted wavelength shift of the material in (a).  (c) Diffracted wavelength 
shift of 3APBA-N,N-dimethylethylenediamine-PVA PCCA customized for rapid kinetics, as a 
function of glucose concentration.  Line is a linear fit.  (d) Kinetics of the diffracted wavelength 
of the material in (c).  All tests were performed in pH 7.4 phosphate buffered glucose solutions at 
37 °C.  λmax is the wavelength of the maximum of the first order diffraction peak. 
 
The sensor material in Figure 4.9a-b was fabricated via the procedure in Section 4.3. The 
partially hydrolyzed PCCA was immersed in an aqueous solution containing EDC (76.6 mg), 
5A2FPBA (1.9 mg, 13.3 µmol), Tris (49.0 mg, 0.4 mmol), sodium chloride (0.1756 g), dimethyl 
sulfoxide (3.0 g) and water (17.0 g) for 24 h at pH 4.5. The 5A2FPBA-Tris PCCA was treated 
with PVA aqueous solution (20 g, 1.25 wt%) in the presence of EDC (0.15 g) for 24 h. 
The sensor material in Figure 4.9c-d was fabricated via the procedure in Section 4.3. The 
PCCA after hydrolysis was immersed in an aqueous solution containing EDC (76.6 mg), 3APBA 
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(3.0 mg, 16.0 µmol), N,N-dimethylethylenediamine (35.3 mg, 0.4 mmol), sodium chloride (0.1756 
g), and water (20.0 g) for 24 h at pH 4.5. The resultant 3APBA-N,N-dimethylethylenediamine 
PCCA was treated with PVA aqueous solution (20 g, 1.25 wt%) in the presence of EDC (0.15 g) 
for 24 h.  
To demonstrate the universality of this sensor design concept, a sensor based on an inverse 
design of Figure 4.3 was fabricated (Figure 4.10a).  A PBA-containing polymer is incorporated 
into a Tris-modified hydrogel matrix as the volume resetting agent.  The 1,3-diols in Tris bind with 
the PBA in the polymer, forming crosslinks, and thus the hydrogel is in a contracted state.  As 
illustrated in Figure 4.10b, the resultant sensor material shows a nearly linear redshift with 
increasing glucose concentration.  Similar to the design in Figure 4.3, parameters including the 
hydrolysis time, type of PBA and 1,3-diol, and PBA content in the volume resetting poymercan 
be changed to customize the sensing performances. 
 
Figure 4.10.  Sensor material based on an inverse design.  (a) Tris-modified PAAm PCCA is 
associated with a PBA-containing polymer volume resetting agent.  (b) Diffracted wavelength as 
a function of glucose concentration. Line is a linear fit.  The tests were performed in pH 7.4 
phosphate buffered glucose solutions at 37 °C.  λmax is the wavelength of the maximum of the first 
order diffraction peak. 
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The PAAm hydrogel was hydrolyzed for 16 h using the solution in Section 4.3 and treated 
with a solution containing EDC (76.6 mg), Tris (49.0 mg), sodium chloride (0.1756 g) and water 
(20.0 g) at pH 4.5. The resultant PCCA is denoted as Tris PCCA. Poly(acrylic acid) modified with 
3APBA was used as the volume resetting agent. It was synthesized by conjugating poly(acrylic 
acid) (sodium salt form, 0.846 g of 35 wt% aqueous solution) with 3APBA (74.4 mg) in the 
presence of EDC (76.6 mg) at pH 4.5. The Tris-modified PCCA was treated with the partially 
modified poly(acrylic acid) solution at pH 7.0. 
4.7 Conclusion 
We have demonstrated a new design of glucose sensor materials which shows a linear fast 
response, minimal hysteresis and signal drift under simulated physiological conditions.  The two 
most important components are the PBA-modified hydrogel matrix and the volume resetting agent.  
The volume resetting agent effectively eliminates the coexistence of the 2:1 and 1:1 PBA-glucose 
complexes, which is responsible for the previously discussed nonlinear response of PBA-based 
hydrogel glucose sensors.  With the volume resetting agent, 1:1 PBA-glucose complexes are 
primarily formed, leading to a nearly linear hydrogel volume expansion and concomitant redshift 
of diffracted light by the embedded photonic crystal. This sensor design also offers considerable 
flexibility to achieve the desired sensitivity and response kinetics. In general, this design protocol 
can be extended to constructing sensor materials for detecting other compounds.  
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CHAPTER 5 
DIRECTED MOLECULAR TRANSPORT BY HYDROGEL FILMS 
CONTAINING BUILT-IN ENTHALPY GRADIENTS† 
 
5.1 Introduction 
Manipulating chemical and biological objects by lab-on-a-chip devices makes it possible to 
achieve alternatives to conventional benchtop processes. Such devices boast many attractive 
features, including precise operation on small quantities of chemicals, low energy consumption, 
simultaneous and rapid processing of multiple tasks. Therefore, microfluidic devices have been 
explored by a large body of research work since their debut in early 1990s [1-5].     
A new direction of lab-on-a-chip technology is to use surface-tethered hydrogel films instead 
of the fluidic carrier phase to autonomously manipulate the molecules of interest. If the anisotropic 
driving force for molecular transport is built inside the hydrogel film, autonomous processing of 
molecules can be achieved. This design concept may enable a high integration level of 
functionalities, thanks to the well-established lithographical techniques. The elimination of 
external input, such as the carrier phase and power supply, may simplify the device operation. The 
chemical and physical properties of the polymer films can also be customized to handle various 
molecules.  
Different from conventional ways of moving molecules, where external inputs are used to 
provide the driving force, such as in electrophoresis and chromatography, the hydrogel medium in 
this study contains enthalpy profiles of target molecules to exert anisotropic mobility without 
                                                 
† The content of this chapter is included in the manuscript “Autonomic molecular transport using hydrogel 
films containing programmed chemical potential gradients”, by Chunjie Zhang, Amit Sitt, Hyung-Jun Koo, 
Kristopher V. Waynant, Henry Hess, Brian D. Pate and Paul V. Braun. 
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external input. The molecular transport direction is from the high to low enthalpy region inside the 
hydrogel, even such transport leads to the concentration of molecules. With a geometrically 
defined chemical gradient inside hydrogel medium, the resulting enthalpy gradients can direct the 
target molecules to selected locations (Figure 5.1a). An important attribute of gradient-driven 
molecular transport is that this anisotropic driving force is chemically specific to the target 
molecule, because it is derived from the interactions of the target molecule with the chemical 
gradient inside the hydrogel. Since different molecules can interact with the gradient differently, 
their transport directions on the same chemical gradient can be different, enabling the directed 
separation of mixtures. Enthalpy gradients resulted from various interactions, such as electrostatic, 
hydrogen bonding and supramolecular forces can be built inside hydrogels, providing the 
opportunity to manipulate a variety of target molecules. 
The anisotropic molecular transport by enthalpy gradients is similar to other gradient effects, 
such as the gravity field of stars and chemotaxis of living organisms. Studying the gradient-driven 
anisotropic molecular transport is important for both fundamental science and device technology. 
Different from the conventional concentration-driven diffusion, the enthalpy gradient-driven 
molecular transport still remains elusive. At a large scale, gradient surfaces have been 
demonstrated to direct the movement of liquid droplets and cells [6-11]. However, studies on 
gradient-directed transport of nanometer-scale objects have been limited to a few examples, i.e. 
nanoparticle [12], dendrimer [13], poly(ethylene glycol) [14], and adamantine-appended dye 
molecule [15]. In these cases, transport took place at a liquid-solid interface where the gradient 
surface was in contact with liquid phase. In this chapter, we developed a generalized fluid-free 
gradient-directed molecular transport strategy, which is able to manipulate chemical species 
deposited out of the air onto gas-solid interfaces. Using hydrogel films with embedded chemical 
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gradients, millimeter scale directed molecular transport was achieved. To our best knowledge, this 
is the first demonstration that gradient-containing media can autonomously concentrate molecules 
and separate mixtures without external input. 
The concept of using hydrogel films containing chemical gradients to autonomously transport 
molecules was partially inspired by gel electrophoresis, where gel is the transport medium and the 
external electric field drives the molecular transport [16, 17]. By introducing chemical gradients 
into hydrogel, the enthalpy gradients of target molecules can drive the molecular transport, 
eliminating the need for external electric field. This approach may enable more complex spatial 
control of analytes and make it possible to use non-electrostatic interactions to drive molecular 
transport. A previous calculation work showed that the sensitivity of nanoscale sensors is limited 
if the analyte transport is completely diffusive [18]. Directing analytes to sensor locations can 
profoundly improve the sensitivity and response time by facilitating the accumulation of analytes 
[19, 20]. The directed molecular transport strategy can be used to confine chemical reactions at 
specific locations and may also have applications in targeted drug delivery [21, 22].  
5.2 Fabrication and Characterization of Chemical Gradients 
Polyacrylamide (PAAm) hydrogel was selected as the molecular transport medium because 
of the ease for chemical modification and inert nature which does not interfere with the molecular 
transport. Throughout this chapter, ca. 30-μm thick PAAm hydrogel films were chemically bound 
to an acrylate functionalized glass substrate. The high water content of the hydrogel (> 90%) 
ensures high diffusion coefficients of the molecules during transport [23]. To form the gradient of 
a desired functionality, amides in the PAAm film were first partially hydrolyzed by a locally 
applied basic solution, generating a carboxylate gradient. The slow hydrolysis kinetics of PAAm 
at room temperature enables accurate control of hydrolysis ratio at the selected locations, making 
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it possible to achieve gradients of various strengths, geometries and scales. The carboxylate 
gradients were then conjugated with amine appended molecules of desired functionalities, leading 
to a variety of chemical gradients in PAAm hydrogel films (Figure 5.2).  
 
Figure 5.1. (a) Schematic illustration of the directed molecular transport driven by a two-
dimensional radially symmetric enthalpy gradient. Molecules only show random diffusion before 
entering the gradient. The orange spheres represent the molecules. The curved blue surface is the 
enthalpy profile of the molecule. Black lines are trajectories of selected molecules during the 
transport. (b) A molecule moves from a high to low enthalpy region. (c) Directed separation of a 
binary mixture by the enthalpy gradient of each component. The orange and red spheres represent 
the two components. 
 
 
 
Figure 5.2. Chemical modification of a PAAm hydrogel film with functionality R.  
 
To synthesize PAAm hydrogel films, acrylamide/N,N’-methylenebisacrylamide mixture 
(0.30 g, 37:1 weight ratio) was dissolved in Millipore water (5.0 g) and shaken on a Vortex mixer 
for 5 min. 0.1 g of DEAP solution (0.10 g of DEAP dissolved in 1.0 g of DMSO) as the photo 
PAAm Film PAAm Film with Carboxylate PAAm Film with Functionality
88 
 
initiator was introduced to the previous solution and mixed for 15 min followed by nitrogen purge. 
The polymerization solution was introduced into a cell consisting of a top fluoro-functionalized 
glass slide, a 30-µm thick spacer and an acrylate-functionalized bottom glass slide. The 
polymerization took place under the illumination of a mercury UV lamp (Blak-Ray® longwave 
lamp B-100AP, 365 nm, 100 W, intensity: 21700 µW/cm2) for 2 h. The PAAm hydrogel film 
which was covalently bonded to the bottom slide was rinsed with Millipore water and dried in air.  
The functionalization of PAAm films involves two steps, hydrolysis of PAAm and attaching 
functional groups (Figure 5.2). Typically, the PAAm film was treated with a solution containing 
0.48 g of sodium hydroxide, 4.0 g of N,N,N’,N’-tetramethylethylenediamine. 0.35 g of sodium 
chloride and 40.0 g of Millipore water for a selected period of time at room temperature. The 
hydrolysis solution with a lower sodium hydroxide concentration was also applied in this chapter 
where noticed. The partially hydrolyzed PAAm film was then functionalized in an aqueous 
solution containing N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC, 0.15 
g, 0.78 mmol), amine-containing functional molecule (0.78 mmol), sodium chloride (0.1756 g, 
3mmol) and Millipore water (20.0 g) for about 24 h. The pH of the functionalization solution was 
kept at ca. 4.5. After functionalization, the PAAm films were rinsed with 150 mM sodium chloride 
solution and pH 7.4 phosphate buffered saline (pH 7.4 PBS, prepared by dissolving phosphate 
buffered saline tablets in Millipore water) in sequence prior to use. 
To quantify the structural parameters of fabricated gradients, Raman spectroscopy was 
performed on cyano gradients of varied strengths, geometries and scales, generated by conjugating 
4-aminobenzonitrile with PAAm films containing carboxylate gradients, using Horiba LabRAM 
HR 3D (532 nm laser, 100× objective). The general chemical structure of the PAAm films 
containing cyano gradients is shown in Figure 5.3a, where x and y represent the molar percentage 
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of acrylamide repeating units and cyano-functionalized repeating units, respectively. In the pristine 
PAAm region, x=100% and y=0%.  At the homogeneous functionalized region, y has the highest 
value. Gradually moving from this region to pristine PAAm, x increases and y decreases 
accordingly as a function of position. Cyano groups have distinct Raman signals, which indicate 
the cyano content on the gradient. The peak at ca. 2228 cm-1, ascribed to C≡N stretch [24-26], 
decreases in intensity along the directional gradients (Figure 5.3b-c). The peaks at ca. 1180 and 
1607 cm-1 are ascribed to the benzene ring of 4-aminobenzonitrile [24, 25]. The peak intensity of 
C≡N stretch (ca. 2228 cm-1) was normalized to the intensity of C-C stretch (ca. 1096 cm-1) of the 
PAAm backbone [27], which stays constant across the gradients (Figure 5.3c). The reactivity of 
hydrolysis solution and hydrolysis time can be used to generate directional cyano gradients of 
different strengths and slopes. The geometry of cyano gradients was also controlled by the 
hydrolysis conditions, including the geometry of the localized hydrolysis region, reactivity of the 
hydrolysis solution and hydrolysis time. As illustrated in Figure 5.3d-e, both wide and narrow 
radially symmetric cyano gradients with varied cyano concentration at the gradient center were 
fabricated.  
The detailed fabrication procedure of cyano gradients is as follows. The directional cyano 
gradients (Figure 5.3b-c) were fabricated following the procedure in Figure 5.4a. The directional 
hydrolysis was conducted as shown in Figure 5.4c. A dry PAAm film was placed vertically in a 
chamber and the hydrolysis solution was filled up to ca. 2 mm from the bottom edge of the PAAm 
film. The hydrolysis solution comprised 0.16 g of sodium hydroxide, 4.0 g of N,N,N’,N’-
tetramethylethylenediamine. 0.35 g of sodium chloride and 40.0 g of Millipore water. The 
hydrolysis solution gradually diffused upward and generated a gradient of hydrolysis ratio inside 
the PAAm film. The PAAm film containing carboxylate gradient was functionalized in a solution 
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containing EDC and 4-aminobenzonitrile as described above. A small quantity of DMSO (ca. 3.0 
g) was added to the solution to help dissolve 4-aminobenzonitrile. With varied hydrolysis time 
(2.5 h, 12 h, 24 h), directional cyano gradients of different shapes were fabricated in PAAm films 
(Figure 5.3b).  
 
Figure 5.3. (a) Normalized cyano peak intensity as a function of coordinate on directional cyano 
gradients fabricated using different hydrolysis times: 24 h (red), 12 h (blue), and 2.5 h (black). (b) 
A stack of Raman spectra collected by a line scan on the directional cyano gradient (red data points 
in a). (c) Normalized cyano peak intensity as a function of coordinate on narrow (black), and wide 
(red) radially symmetric cyano gradients. (d) A stack of Raman spectra along a line scan across a 
radially symmetric cyano gradient (black data points in c). 
 
The radially symmetric cyano gradients (Figure 5.3d-e) were fabricated using the procedure 
in Figure 5.4b. The localized radially symmetric hydrolysis was performed as shown in Figure 
5.4d. The PDMS cap made by curing Sylgard® 184 was pressed against the dry PAAm film to 
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prevent leakage of the hydrolysis solution at the interface. The hydrolysis time was kept at 24 h. 
By increasing the reactivity of the hydrolysis solution, the cyano intensity at the center of the radial 
gradient was increased (black data points in Figure 5.3d). Wider radial cyano gradients were 
generated by applying less force pressed on the PDMS cap during hydrolysis (red data points in 
Figure 5.3d). The cyano gradients were rinsed with DMSO and Millipore water a few times and 
dried in air before Raman spectroscopy measurements. 
 
Figure 5.4. Schematic illustration of the fabrication procedure of (a) directional and (b) radially 
symmetric cyano gradients in PAAm films. (c) General chemical structure of the PAAm film 
containing cyano gradients. The setups for localized hydrolysis leading to (d) directional and (e) 
radially symmetric carboxylate gradients. 
 
5.3 Directed Molecular Transport by Directional Charge Gradients 
Among all chemical and physical interactions, electrostatic interactions are strong and 
universal, and thus are selected as the interactions for creating enthalpy gradients. Pyranine which 
has a high charge density was used as the fluorescent probe [28]. The rectangular PAAm hydrogel 
film contains a cationic-to-neutral gradient, with cations (N, N-dimethylethylenediamine) on one 
end and pristine PAAm (neutral) on the other. The hydrogel film was equilibrated in pH 7.4 PBS 
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and dosed with pyranine solution (Figure 5.5a). Fluorescence images were taken at selected time 
points inside a Petri dish saturated with water vapor at room temperature (Figure 5.5b). The 
pyranine spot develops both along (x-direction) and perpendicular (y-direction) to the gradient 
over time. The transport along the gradient is anisotropic, with the center of the dye spot moving 
ca. 3 mm toward the cationic side after 24 h (Figure 5.5c). As can be seen in Figure 5.5d, the 
fluorescence intensity maximum moves ca. 0.9 mm in the x-direction in the first 5 h and ca. 2.3 
mm after 24 h. This demonstrates that pyranine undergoes a downhill transport from high to low 
enthalpy region in the PAAm film as illustrated in Figure 5.1b. The transport along y-direction is 
isotropic, which is indicated by the symmetric fluorescence profile at different time points (Figure 
5.5e).  
The directional cationic gradient was fabricated by first hydrolyzing a PAAm film followed 
by modification with N,N-dimethylethylenediamine. The hydrolysis solution contains 0.48 g of 
sodium hydroxide, 4.0 g of N,N,N’,N’-tetramethylethylenediamine. 0.35 g of sodium chloride and 
40.0 g of Millipore water at room temperature for 12 h. The functionalization was performed in a 
solution comprising EDC (0.15 g, 0.78 mmol), N,N-dimethylethylenediamine (0.069 g, 0.78 
mmol), sodium chloride (0.176 g, 3mmol) and water (20.0 g) at pH 4.5 at room temperature for 
about 24 h. The PAAm film with built-in directional cationic gradient was rinsed with 150 mM 
sodium chloride solution and pH 7.4 PBS. Pyranine dissolved in pH 7.4 PBS (0.1 µL, 0.6 mM) 
was dosed on the PAAm film. The sample was transferred to a sealed Petri dish saturated with 
water vapor at room temperature. Fluorescence images were taken at selected times using an 
inverted fluorescence light microscope (Axiovert 200M, Carl Zeiss Inc.) with a 2.5× lens and a 
Zeiss AxioCam HRC color CCD camera. The image at each time point during the directed 
transport was obtained by tiling images taken at different parts of the film. The red and blue 
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channels of the original images which have intensities proportional to the green channel were 
removed.  
 
Figure 5.5. (a) Schematic illustration of the PAAm hydrogel film with a directional cationic-to-
neutral gradient dosed with pyranine. (b) Fluorescence images taken during the directed transport 
of pyranine by the cationic-to-neutral gradient over time. (c) Normalized fluorescence intensity 
profile along the gradient (x coordinate). (d) The distance that the fluorescence intensity maximum 
moves along the x coordinate (Δx) in (c) as a function of time. (e) Normalized fluorescence 
intensity profile perpendicular to the gradient (y coordinate). The y coordinates at 5 h and 24 h are 
indicated by the yellow dashed lines labeled with y5h and y24h in (b), respectively. 
 
5.4 Directed Molecular Concentration by Radially Symmetric Charge Gradients 
A radially symmetric cationic-to-neutral gradient was prepared in a PAAm hydrogel film. The 
radially symmetric hydrolysis was performed following the procedure described in Section 5.2. 
The hydrolysis solution comprised 0.48 g of sodium hydroxide, 4.0 g of N,N,N’,N’-
tetramethylethylenediamine. 0.35 g of sodium chloride and 40.0 g of Millipore water. The 
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hydrolysis was performed at room temperature for 24 h. The PAAm films with carboxylate 
gradients were conjugated with N,N-dimethylethylenediamine in a solution containing EDC (0.15 
g, 0.78 mmol), N,N-dimethylethylenediamine (0.069 g, 0.78 mmol), sodium chloride (0.176 g, 
3mmol) and Millipore water (20.0 g) at pH 4.5 at room temperature for ca. 24 h. The resultant 
radially symmetric cationic gradients were rinsed with 150 mM sodium chloride solution and pH 
7.4 PBS. As illustrated in Figure 5.6, two spots of pyranine in pH 7.4 PBS (0.1 µL for each, 0.6 
mM) were introduced to the outside of the radial cationic gradient. Fluorescence images were 
taken during the directed concentration inside a Petri dish saturated with water vapor at room 
temperature using the method in Section 5.3. 
The fluorescence intensity of the two dosing spots gradually decreased at the beginning as 
pyranine isotropically diffused into the surrounding pristine PAAm hydrogel medium. When 
pyranine crossed the “event horizon”, the outer boundary of the cationic gradient region, it was 
directed to the center of the gradient (Figure 5.6b). A depletion region was observed as a dark 
circle around the gradient during the directed concentration process. This is an inherent 
characteristic of enthalpy gradient-driven transport. It occurs when molecules enter a region of 
enthalpy gradient-induced transport from a region of concentration gradient-induced transport. 
When molecules enter the depletion region, they are swept inward by the gradient faster than they 
are replaced by the free diffusion from outside the gradient, leading to a low concentration and a 
dark circle at the outer edge of the gradient. After 24 h, the highest fluorescence intensity was 
observed at the center of the cationic gradient (Figure 5.6b). Figure 5.6c illustrates the temporal 
evolution of fluorescence intensity along the arrow direction on the hydrogel film as shown in 
Figure 5.6b. The majority of the dosed dye was directed to the center, as shown by the high 
intensity at the center and low baseline on the fluorescence profile at 24 h. 
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Figure 5.6. (a) Schematic illustration of a PAAm hydrogel film containing a radially symmetric 
cationic-to-neutral gradient dosed with two spots of pyranine. (b) Fluorescence images during the 
directed concentration of pyranine by the radial cationic-to-neutral gradient. (c) Fluorescence 
profile along the white arrow as indicated in (b) at different time points during the directed 
concentration. The area under each curved has been normalized to the same value. 
 
To mimic a real random dosing event, pyranine was sprayed from an atomizer onto a dry 
PAAm film containing a radial cationic-to-neutral gradient (Figure 5.7). The concentration of the 
pyranine solution used for dosing was 0.6 mM in ethanol. The PAAm film was equilibrated in pH 
7.4 PBS and dried in air before dosing. The pyranine solution was sprayed five times from different 
directions. The as-sprayed film was dried in air and imaged on a fluorescence microscope. 
Pyranine was immobilized as discrete spots on the dry PAAm film (Figure 5.7aii). The sample 
was then transferred to a Petri dish saturated with water vapor to initiate the directed concentration. 
Hydration of the PAAm film was observed right after the exposure to humidity. The PAAm films 
became more transparent than dry state and the fluorescence intensity of discrete dye spots was 
“turned on”. After 24 h, pyranine was concentrated to the cationic center, as shown by the bright 
circular region on the fluorescence images (Figure 5.7 aiv). The depletion region in this case was 
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also visible (Figure 5.7aiii). The hydrogel film with a narrow gradient (Figure 5.7a) concentrated 
the dye to a smaller region than the film with a wide gradient (Figure 5.7b). The geometry of the 
radial gradient is defined in Figure 5.8. On the PAAm films with radial cationic gradients, the dye 
spots dosed outside of the gradient showed similar “random walk” as those dosed on the blank 
PAAm film. However, once the dye molecules entered the gradient region, they were directed 
toward the center. The same experiment was performed on a pristine PAAm film. As expected, 
directed concentration did not happen (Figure 5.7c), and the discrete fluorescent spots were largely 
lost in the background over time. The fluorescence images were acquired by the same method used 
above. 
 
Figure 5.7. Schematic illustration of the aerosol dosing of pyranine on radially symmetric cationic 
gradients and fluorescence images during the directed concentration. (a) A narrow radially 
symmetric cationic gradient. (b) A wide radially symmetric cationic gradient. (c) A pristine PAAm 
hydrogel film. 
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Figure 5.8. Geometry of the radially symmetric cationic gradient on a PAAm hydrogel film. The 
shape of the gradient here is shown as linear. 
 
The quantification of gradient-directed concentration was conducted by Raman spectroscopy 
using 1,3,6,8-pyrenetetrasulfonate (PyTS) as the molecular probe. PyTS has four sulfonate groups 
and thus is anionic at pH 7.4. Three PAAm films, one with a narrow radially symmetric cationic 
gradient, one with a wide radially symmetric cationic gradient and one pristine PAAm film, were 
first equilibrated in pH 7.4 PBS and then dried in air. PyTS (50 µmol, 0.031g) mixed with ethanol 
(10 mL, 7.89 g) was sprayed on the PAAm films five times from different directions using an 
atomizer. The samples were dried in air to evaporate ethanol and transferred to Petri dishes 
saturated with water vapor at room temperature. Line scans were performed on the films at selected 
times using a Raman confocal imaging microscope (Horiba LabRAM HR 3D, 532 nm laser, 100× 
objective). 
To reduce the loss of humidity during Raman imaging, a cover slip was placed on the hydrated 
PAAm film. The stack of Raman spectra taken on the PAAm films and the normalized intensity 
of PyTS along the line scan, were shown in Figure 5.9. The intensity at ca. 1114 cm-1, which 
belongs to the PAAm film, was used as the internal standard for normalizing the Raman signals of 
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PyTS. Figure 5.9a-d shows the directed concentration of PyTS on the narrow cationic gradient. It 
can be observed that the PyTS signals (ca. 1217, 1331 and 1632 cm-1) at the gradient center 
increased from 3 to 21 h, however, on the pristine PAAm film, such signals were much lower 
(Figure 5.9i-l) [29, 30]. The peak intensity at ca. 1632 cm-1 was normalized to the peak intensity 
at ca. 1114 cm-1 for comparing the concentration enhancement ratio at different times among three 
systems (Figure 5.9d, h, l).  
The concentration enhancement ratio is defined as the intensity of the Raman signal at the 
center of the radial gradient divided by the average intensity on the pristine PAAm film. The 
concentration enhancement ratio by a gradient with diameter d of 0.5 mm and length L of 1.0 mm 
is 40 (Figure 5.9d). In contrast, the concentration enhancement by a wider radial gradient (d=0.5 
mm, L=1.75 mm) is 14 (Figure 5.9h). If the center of the gradient is a perfect sink, the upper bound 
of the concentration enhancement ratio can be calculated by dividing the area of the cationic center 
by the total area of the hydrogel film. Upper bound =
4A
πd2
= 540 for both gradients, where A 
represents the area of the hydrogel film. However, the experimentally observed values (40 for 
narrow gradient and 14 for wide gradient) are below the upper bound. This is because the 
equilibrium has not been reached and the gradient center is not actually a perfect sink.  
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Figure 5.9. (a-c) Raman spectra of a PAAm film containing a narrow radially symmetric cationic 
gradient sprayed with PyTS along a line scan at selected time points. (d) Normalized peak intensity 
of ca. 1632 cm-1 (aromatic C=C of PyTS) to ca. 1114 cm-1 (PAAm signal) in (a-c). (e-g) Raman 
spectra of a PAAm film containing a wide radially symmetric cationic gradient sprayed with PyTS 
along a line scan at selected time points. (h) Normalized peak intensity of ca. 1632 cm-1 to ca. 1114 
cm-1 in (e-g). (i-k) Raman spectra of a pristine PAAm hydrogel film sprayed with PyTS along a 
line scan at selected time points. (l) Normalized peak intensity of ca. 1632 cm-1 to ca. 1114 cm-1 in 
(i-k).  
 
5.5 Directed Molecular Separation by Orthogonal Gradients  
Enthalpy gradients essentially originate from the interactions of analyte molecules with 
chemical gradients in the diffusion media. Therefore, two types of molecules can have different 
enthalpy profiles on one chemical gradient, offering opportunities in chemical separation (Figure 
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5.1c). As a paradigm, the binary mixture of rhodamine B (cationic) and pyranine (anionic) was 
separated by a hydrogel film functionalized with orthogonal (non-interacting) chemical gradients. 
The excitation and emission wavelengths of the dye molecules do not overlap, making it possible 
to simultaneously monitor their transport using fluorescence imaging during the separation.  
The boronic acid-to-cationic gradient was fabricated in a PAAm film following the process in 
Figure 5.10a. First, a directional cationic gradient was fabricated in a PAAm film. The film was 
rinsed with Millipore water to remove the leftover reactants and dried in air. Then hydrolysis was 
locally performed from the other end for 12 h. The coupling with boronic acid took place in a 
solution containing EDC (0.15 g, 0.78 mmol), 3-aminomethylphenyl boronic acid (0.118 g, 0.78 
mmol), sodium chloride (0.176 g) and water (20.0 g) at pH 4.5 at room temperature for about 24 
h. The resulting boronic acid-to-cationic gradient was rinsed with 150 mM sodium chloride 
solution and pH 7.4 PBS prior to use. To characterize the gradient geometry, cyano-to-thiol 
gradient was fabricated in a PAAm film following a similar procedure in Figure 5.10a. The cyano 
group was first attached by conjugating the partially hydrolyzed film with 4-aminobenzonitrile. 
The thiol group was incorporated into the PAAm film after the second hydrolysis by conjugating 
the film with cystamine followed by the reduction of disulfide into thiol groups using dithiothreitol. 
Both cyano and thiol groups show distinct Raman signals, which allow measuring the 
concentration distribution by a line scan using Raman spectroscopy along the gradient. The 
intensity of cyano group (ca. 2235 cm-1) was normalized to the intensity of C-C stretch of the 
PAAm backbone (ca. 1100 cm-1). The resultant intensity value was normalized again to the highest 
intensity on the sample, leading to the normalized intensity in percentage (Figure 5.10b).  Similarly, 
the intensity of thiol group (ca. 2575 cm-1) [31-33] was first normalized to the intensity of C-C 
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stretch and then converted to percentage (Figure 5.10b).  It is evident that a cyano-to-thiol gradient 
was incorporated into the PAAm film. 
The binary mixture of pyranine and rhodamine B (0.3 mM in pH 7.4 PBS for each component, 
0.1 µL) was dosed on a PAAm hydrogel containing a gradient from 3-aminomethylphenylboronic 
acid (3AmPBA) to N,N-dimethylethylenediamine end functionality (boronic acid-to-cationic 
gradient) (Figure 5.11a). 3AmPBA was selected because it is more hydrophilic than other boronic 
acids and can maintain the hydrogel morphology and ensure a high water content. Rhodamine B 
was directed to the 3AmPBA side due to the interactions of its tertiary amine with the immobilized 
boronic acid, while pyranine was directed to the cationic side by the electrostatic interactions 
(Figure 5.11b-c). After 24 h, most of the components was separated as can be observed on the 
fluorescence intensity profile (Figure 5.11d). Interestingly, this binary mixture cannot be separated 
simply using a cationic-to-anionic gradient. 
Fluorescence images were taken using an inverted fluorescence light microscope (Axiovert 
200M, Carl Zeiss Inc., 2.5× lens and a Zeiss AxioCam HRC color CCD camera). The images taken 
along the hydrogel path were tiled to obtain the images of the whole sample. The red and blue 
channels of the images in Figure 5.11b, which have intensities proportional to the green channel, 
were removed. The green and blue channels in Figure 5.11c which have intensities proportional to 
the red channel were removed. 
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Figure 5.10. (a) Fabrication procedure for the boronic acid-to-cationic gradient in a PAAm film. 
(b) Normalized Raman signals of cyano and thiol group along the cyano-to-thiol gradient in a 
PAAm film. 
 
 
Figure 5.11. (a) Schematic illustration of dosing a binary dye mixture on a PAAm hydrogel path 
containing a boronic acid-to-cationic gradient. (b) Fluorescence images of pyranine on the PAAm 
hydrogel path. (c) Fluorescence images of rhodamine B on the PAAm hydrogel path. (d) 
Normalized fluorescence intensity profile of pyranine and rhodamine B at selected times as a 
function of distance along the PAAm hydrogel path. 
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5.6 Diffusion in Homogeneous Cationic Hydrogel Films  
The local transport of analyte molecules has two contributors, i.e. diffusion and enthalpy 
gradient-imposed drift. Along the transport direction, the binding site density increases, which 
should lead to a decrease in local diffusion rate. To illustrate the local diffusion coefficient as a 
function of position on the gradient, homogeneous PAAm hydrogel films with different cation 
concentrations were used as media for measuring the local diffusion coefficient on the gradient. 
The 30-µm thick PAAm hydrogel films were synthesized following the procedure in Section 
5.2. The films were hydrolyzed for selected amounts of time and modified with N,N-
dimethylethylenediamine assisted by EDC at pH 4.5. After modification, the tertiary amine-
modified homogeneous PAAm hydrogel films were rinsed with 150 mM NaCl and equilibrated in 
pH 7.4 PBS. Hydrogel paths (1 mm × 11 mm) were made on the films. Pyranine was dosed at one 
end of the homogeneous hydrogel paths and fluorescence images were taken at selected time points 
using a fluorescence stereo zoom microscope (PlanNeoFluar Z 1.0× objective, Axio Zoom V16, 
Carl Zeiss, Inc.). 
Diffusion coefficient (D) is calculated using the fluorescence intensity profile of pyranine 
along the hydrogel path at different times according to a limited-source diffusion model. 
x2 = -4Dln
C(x,t)
C(0,t)
∙ t                            Equation 5.1 
Here, D is the diffusion coefficient; x is the diffusion distance from the dosing location; C(x, t) is 
the dye concentration at coordinate x at time t; 
C(x,t)
C(0,t )
 is the normalized dye concentration at 
coordinate x at time t. D can be calculated from the slope of the linear fit between x2 and t. The 
normalized dye concentration is assumed to be equal to the normalized fluorescence intensity. The 
fluorescence images and linear fits between x2 and t are shown in Figure 5.12. The measured 
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diffusion coefficients are summarized in Table 5.1 and plotted as a function of cation density in 
the diffusion media as shown in Figure 5.13. It can be observed that D decreases with increasing 
the binding site density and the correlation can be well-fitted to a single exponential function. 
 
Figure 5.12. Fluorescence images of pyranine in homogeneous cationic PAAm paths during 
diffusion. The PAAm paths were modified with N,N-dimethylethylenediamine after hydrolysis for 
(a) 16 h and (b) 1.5 h. (c) The square of diffusion distance of normalized intensity of 0.5 as a 
function of time. The red data points were measured from (a). The red line is a linear fit of the data 
points (slope=3.95×10-7 cm2/s, D=1.43×10-7 cm2/s). The black data points were obtained from (b). 
The black line is a linear fit of the data points (slope=2.49×10-6 cm2/s, D=8.99×10-7 cm2/s).  
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Table 5.1. Summary of diffusion coefficients (D, 10-7 cm2/s) of pyranine in homogeneous cationic 
PAAm hydrogel films. 
 
(a-c) In “Dn, k”, “n” denotes the label of the hydrogel path, “k” denotes the normalized fluorescence intensity used in 
the linear fit.  
(d) Davg is the average of all D measured from three hydrogel paths of each specific hydrolysis time. 
(e) The unit of the standard deviation is “10-7 cm2/s”. 
 
 
 
Figure 5.13. Diffusion coefficient of pyranine as a function of cation density in homogeneous 
PAAm hydrogel films. 
 
5.7 Conclusion 
In this chapter, we have demonstrated a general method for creating chemical gradients in 
hydrogel films. By regulating the reactivity of hydrolysis solution and the hydrolysis time, 
carboxylate gradients of different strength, length and shape can be generated in PAAm hydrogel 
Hydrolysis time (h) 0 1.5 3.0 4.5 6.0 9.0 16.0 24.0 
(a) D1, 0.5 15.2 8.56 4.62 2.63 2.01 1.09 1.17 0.588 
    D2, 0.5 14.3 11.2 5.80 3.15 2.27 1.69 1.43 0.635 
    D3, 0.5 14.3 8.99 4.01 3.03 2.09 1.62 1.15 0.578 
(b) D1, 0.2 13.5 7.98 3.96 3.52 2.42 1.37 1.30 0.783 
    D2, 0.2 14.4 9.39 5.47 4.77 3.12 1.91 1.55 0.781 
    D3, 0.2 11.6 11.4 4.05 3.62 2.3 1.58 1.36 0.719 
(c) D1, 0.7 18.9 9.16 4.16 2.05 1.78 1.01 1.36 0.556 
    D2, 0.7 19.2 11.3 6.57 2.70 1.91 1.63 1.48 0.545 
    D3, 0.7 16.6 11.4 4.38 3.11 2.14 1.75 1.03 0.522 
                   (d) Davg 15.3 9.93 4.78 3.18 2.23 1.52 1.31 0.634 
   (e) Standard deviation 2.35 1.30 0.887 0.721 0.368 0.284 0.160 0.0959 
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films. Gradients of desired functionalities can be fabricated by converting the carboxylate 
gradients using selected coupling chemistries. The hydrogel films with built-in chemical gradients 
can direct the transport of molecules and separate mixtures. This new concept of directed 
molecular transport offers the possibility to achieve autonomous molecular processors without 
external input. A thorough study on interactions between chemical gradients and molecules of 
different functionalities will provide opportunities to fabricate materials capable of manipulating 
complex chemical mixtures. 
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CHAPTER 6 
HYDROGELS CONTAINING SUPRAMOLECULAR ENTHALPY 
GRADIENTS FOR DIRECTED MOLECULAR TRANSPORT 
 
6.1 Introduction 
The directional movement of chemical and biological species is critical in many biological 
events. This includes directed cell migration [1-4], transport of neurotransmitters [5] and guiding 
virus to nucleus by motor proteins [6]. With similar functions as in biological systems, integrating 
the feature of directed molecular transport into targeted drug delivery, diagnostics and removal of 
toxic chemicals may bring a significant advancement to such areas. For example, directed transport 
of analyte molecules to nanosensor location improves the sensitivity, overcoming the detection 
limit caused by pure diffusion-driven analyte collection [7].  
The directed mass transport to selected locations have been explored in literature, including 
discharging and focusing airborne analytes to sensing points [8], delivering analyte to sensor 
location using molecular motors [9], magnetically driving the assembly of colloidal particles at 
microwells [10], collecting nanoparticles and cells at charged surface areas under electric field 
[11-14]. To eliminate the externally applied driving forces as used in the above examples to 
achieve the autonomous delivery of analytes, hydrogel films with embedded chemical gradients 
can be used to drive the anisotropic molecular transport. When analyte molecules land on the 
hydrogel film, enthalpy gradients are generated from interacting with the chemical gradients. Such 
enthalpy gradients are specific to the analyte molecule. Therefore, to manipulate the anisotropic 
transport of analyte molecules, chemical gradients which chemically or physically interact with 
the molecules need to be built inside the hydrogel films. 
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Supramolecular interactions are weak, reversible and non-covalent, which play essential roles 
in many biological processes. It was hypothesized that the enthalpy gradients based on 
supramolecular interactions can effectively manipulate the anisotropic transport of a wide variety 
of chemicals. In this chapter, we focus on using cyclodextrin host-guest chemistry to direct the 
transport of molecules, that are neither highly charged nor polar, a step toward manipulating a 
large library of important chemicals, including drugs and toxic molecules. 
Cyclodextrins are a class of cyclic oligosaccharides, formed by connecting different numbers 
of glucopyranose at 1,4-hydroxyls. The torus size of cyclodextrin is determined by the number of 
glucopyranose repeating unit. Typically, α-, β-, ϒ-cyclodextrins, which have 5, 6 and 7 repeating 
units are used in literature. Because of the orientation of glucosepyranose, the skeletal carbon and 
glycosidic oxygen occupy the interior of the torus, making the cavity hydrophobic [15]. The 
polarity of the interior is close to that of water/ethanol mixture [16].  The hydroxyl-rich outer 
surface of cyclodextrin is hydrophilic, providing high solubility in water and other polar solvents. 
The combination of hydrophilic shell and hydrophobic cavity endows cyclodextrin with a micro 
heterogeneous environment. The most important characteristic of cyclodextrin is its capability to 
form inclusion complexes (host-guest complex) with a wide range of molecules in solid, liquid 
and gaseous phases. Molecules (guest) that are less polar than water and match the cyclodextrin 
(host) cavity size can enter the cavity and displace the embedded water. Since many organic 
molecules are hydrophobic and have limited solubility in aqueous environment, the inclusion 
complexes can be formed if the size of the molecule or part of the molecule matches the 
cyclodextrin cavity size. Upon encapsulation by cyclodextrin, the chemical and physical properties 
of guest molecules are modified or even dramatically changed. This feature makes cyclodextrin 
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attractive for synthesis of supramolecular architectures [17-19], drug delivery [20, 21], cosmetics 
[22], food [23] and textiles [24], just to name a few. 
The complex formation is energetically favored, where the total free energy of the reaction 
system decreases by reducing the interactions of guest molecules with water. There is no covalent 
bond involved during the complex formation process. Such complexes exist in a chemical 
equilibrium where the dissociation is relatively fast due to the high water concentration in the 
surroundings [15]. The fast association/dissociation kinetics and relatively low equilibrium 
constants indicate that the complexation is a dynamic process. We have hypothesized that to 
achieve effective directed transport, the interactions between the gradient functionality and 
molecules of interest must be in a certain range. If the interactions are too strong (high binding 
constants), the molecules lose mobility and remain immobilized on the gradient; if the interactions 
are too weak (low binding constants), the molecules cannot “feel” the gradient, as such the 
gradient-imposed drift velocity cannot be exerted on molecules. The binding constant of 
cyclodextrin with guest molecule stays in a broad range and typically has a relatively low value, 
and thus provide a platform to correlate the binding constants with the directed transport 
performance of cyclodextrin gradients. In principle, cyclodextrin gradients should be able to 
manipulate any type of molecule that can complex with cyclodextrin, and may have the potential 
in processing molecules of broad interest, such as drugs and pollutants.  
6.2 Effects of Binding Constant on Diffusion Coefficient 
The binding constant of cyclodextrin with guest molecule varies from case to case. The size 
of cyclodextrin and guest molecule, structure of the molecule and solvent properties are variables 
that determine the binding constant. For example, α-cyclodextrin often includes small aliphatic 
molecules, β-cyclodextrin complexes with aromatic and heterocyclic compounds, ϒ-cyclodextrin 
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encapsulates larger molecules such as steroids [15]. The diffusion process of an analyte molecule 
through a cyclodextrin-modified hydrogel is illustrated in Figure 6.1. As there are no electrostatic 
interactions between the analyte molecule and hydrogel, the molecule can move freely through 
water molecules immobilized inside the hydrogel mesh before encountering an immobilized 
cyclodextrin (Figure 6.1 step i). When the molecule physically contacts or approximates 
cyclodextrin, it enters the cavity with a preferred orientation (Figure 6.1 step ii). The molecule 
departs from cyclodextrin (Figure 6.1 step iii) after a certain amount of time and starts another free 
diffusion process. Different from the diffusion of ionic species inside charged hydrogels, which 
involves an electric field extending from the hydrogel backbone to the solvent [25-27], the 
polyacrylamide (PAAm) hydrogel matrix in this case has minimal interactions with analyte 
molecules beyond obstructive effects. The diffusion inside cyclodextrin-modified hydrogel is 
similar to the diffusion in cyclodextrin solution [28]. 
 
Figure 6.1. Schematic illustration of a molecule diffusing inside a cyclodextrin-modified hydrogel: 
(i) diffusion through water molecules, (ii) association with cyclodextrin and (iii) dissociation of 
the inclusion complex. 
 
(i)
Molecule
Cyclodextrin
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In this study, we selected a series of xanthene dyes as model compounds to measure the 
diffusion coefficient on hydrogels modified with α-, β-, ϒ-cyclodextrins (Figure 6.2). The dye 
molecules have different substituents on xanthene, with the carboxyphenyl group remaining the 
same. Variation in the dye chemical structure modulates the binding constant with the same type 
of cyclodextrin, leading to the change in diffusion coefficient on cyclodextrin-modified hydrogels. 
Similarly, the same dye molecule have different binding constants with different cyclodextrins, 
and thus the diffusion coefficients on hydrogels modified with different cyclodextrins should be 
different too. 
 
Figure 6.2. Chemical structures of cyclodextrins and xanthene dyes used in this study. 
 
According to studies on cyclodextrin-xanthene complexes, either the carboxyphenyl group or 
part of xanthene can dock into the cyclodextrin cavity, generating type 1 or type 2 partial inclusion 
complex, respectively (Figure 6.3) [29, 30]. Both complexes exist in equilibrium and the overall 
binding constant is a function of the binding constants of both complexes. Fluorescein was reported 
to associate weakly with α- and ϒ-cyclodextrins but bind preferably with β-cyclodextrin [29]. The 
same sequence of binding constants was observed on rhodamine B [31]. However, due to different 
α-Cyclodextrin β-Cyclodextrin ϒ-Cyclodextrin
Fluorescein Rhodamine 110 Rhodamine B Rhodamine 101
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techniques and experimental conditions adopted in these studies, the binding constants of 
fluorescein and rhodamine B with β-cyclodextrin cannot be directly compared. The effects of 
substituents of xanthene on the binding constants with cyclodextrin were studied in another report, 
where pyronine Y (PY) which has N,N-dimethyl substituents showed lower binding constant with  
β-cyclodextrin than pyronine B (PB) which has N,N-diethyl substituents [32]. Though the 
association kinetics constants of PY and PB with β-cyclodextrin are very similar, the slower 
dissociation kinetics of PB lead to the higher binding constant. This is because (i) the positively 
charged xanthene of PB interacts stronger with the electron-rich glycosidic oxygen inside the 
cyclodextrin cavity and (ii) the more hydrophobic N,N-diethyl substituents of PB interacts stronger 
with the hydrophobic cyclodextrin cavity [32-34]. Therefore, it is possible that rhodamine B shows 
stronger interactions with β-cyclodextrin than fluorescein due to its positively charged bulky N,N-
diethyl substituents. Intermolecular forces such as hydrogen binding and van der Waals forces also 
play a role in stabilizing the conclusion complexes [35]. 
 
Figure 6.3. Schematic representation of (a) type 1 complex where the carboxyphenyl group of 
fluorescein is enclosed in β-cyclodextrin and (b) type 2 complex where part of the xanthene of 
fluorescein is docked into β-cyclodextrin. Figures are reproduced from reference [30]. 
 
Diffusion coefficients of the xanthene dyes on cyclodextrin-modified hydrogels were 
measured. The 30-µm thick PAAm hydrogel films were first hydrolyzed for 12 h at room 
temperature and then functionalized with α-, β-, ϒ-cyclodextrins, respectively. The synthesis and 
(a) (b)
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hydrolysis were performed according to procedures described in Chapter 5 Section 5.2. After 
hydrolysis, the hydrogel samples were functionalized with cyclodextrin for 24 h at pH 4.5. The 
functionalization solution contains N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide 
hydrochloride (EDC, 0.15 g, 0.78 mmol), amine-appended cyclodextrin (0.06 mmol), sodium 
chloride (0.1756 g, 3mmol) and Millipore water (20.0 g). The amine-appended cyclodextrins are 
3A-amino-3A-deoxy-(2AS,3AS)-α-cyclodextrin,3A-amino-3A-deoxy-(2AS,3AS)-β-cyclodextrin 
and 3A-amino-3A-deoxy-(2AS,3AS)-ϒ-cyclodextrin (TCI). The synthetic procedure is depicted 
in Figure 6.4. As discussed in Chapter 5, the hydrolysis conditions control the concentration of the 
functionality attached to the PAAm hydrogels. All resultant hydrogels here are expected to have 
the same concentration of immobilized cyclodextrin as the PAAm hydrogels are hydrolyzed under 
the same conditions.  
 
Figure 6.4. Synthetic procedure for the cyclodextrin-modified PAAm hydrogels. 
 
The cyclodextrin-modified hydrogels were carved into paths and equilibrated in pH 7.4 PBS 
(prepared by dissolving phosphate buffered saline tablets in Millipore water). A drop of dye 
dissolved in pH 7.4 PBS (0.1 µL, 0.2 mM) was introduced at the end of the hydrogel path. The 
sample was then transferred to a Petri dish saturated with water vapor at room temperature. 
Fluorescence images of the cyclodextrin-modified hydrogel paths dosed with dyes were taken at 
selected time points during the diffusion using a fluorescence stereo zoom microscope (Axio Zoom 
V16, Carl Zeiss Inc., PlanNeoFluar Z 1.0× objective). The diffusion coefficients were calculated 
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by applying a limited-source diffusion model (Equation 6.1) to the fluorescence intensity profiles 
at different times during the diffusion. 
x2 = -4Dln
C(x,t)
C(0,t)
∙ t                            Equation 6.1 
In this equation, D stands for the diffusion coefficient; x is the distance diffused from the dosing 
spot; C(x, t)  is the dye concentration at coordinate x at time t; 
C(x,t)
C(0,t )
 is the normalized dye 
concentration at coordinate x at time t. According to Equation 6.1, D can be calculated from the 
slope of the linear fit between x2 and t. The normalized dye concentration 
C(x,t)
C(0,t )
 is assumed to be 
equal to the normalized fluorescence intensity, 
I(x,t)
I(0,t )
. The linear fits of data points obtained by 
measuring the diffusion distance of dye molecules along the cyclodextrin-modified hydrogel paths 
at selected time points are shown in Figure 6.5. The diffusion coefficients calculated from the slope 
of the linear fits are summarized in Table 6.1. 
 
Figure 6.5. Linear fits of the square of diffusion distance of (a) fluorescein, (b) rodamine 110, (c) 
rhodamine B and (d) rhodamine 101 as a function of time on cyclodextrin-modified hydrogels. 
The type of cyclodextrin is labeled next to each linear fit. 
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Table 6.1. Diffusion coefficients (D) of xanthene dyes on cyclodextrin (CD)-modified hydrogels. 
 
*Each diffusion coefficient here is the average of four measurements.  
 
It can be observed from Figure 6.5a and c that both fluorescein and rhodamine B have the 
lowest slope of linear fits on β-cyclodextrin-modified PAAm hydrogel paths, because both dyes 
have the highest binding constants with β-cyclodextrin compared to α- and ϒ-cyclodextrin as 
discussed earlier. From Table 6.1, we can see that the diffusion coefficient of rhodamine B in β-
cyclodextrin-modified hydrogel is lower than that of fluorescein, which can be ascribed to the 
higher binding constant of rhodamine B with β-cyclodextrin. These observations on diffusion 
coefficient all agree with previous literature reports on binding constants [31-33]. For fluorescein, 
rhodamine 110 and rhodamine B, the diffusion coefficients successively decrease in α-, ϒ- and β-
cyclodextrin-modified hydrogels, indicating that they all have the largest binding constants with 
β-cyclodextrin. This sequence elucidates that a bigger (ϒ-cyclodextrin) cavity can neither well 
stabilize the guest molecules nor reduce the dissociation rates via steric effects and non-covalent 
intermolecular forces and thus the diffusion coefficients are relatively high. According to a 
previous study, both the association and dissociation kinetics with ϒ-cyclodextrin are faster 
relative to β-cyclodextrin, but the increase in dissociation kinetics is more significant, leading to 
the lower binding constant with ϒ-cyclodextrin [28]. For a smaller cavity (α-cyclodextrin), steric 
effects may obstruct the inclusion of guest molecules, leading to low binding constants and high 
diffusion coefficients. The sequence of diffusion coefficients of rhodamine 101 in hydrogels 
             Dyes 
Diffusion Coefficient (10-6 cm2/s) 
α-CD β-CD ϒ-CD 
Fluorescein 0.88 ± 0.09 0.19 ± 0.05 0.77 ± 0.06 
Rhodamine 110 1.10 ± 0.05 0.46 ± 0.09 0.62 ± 0.11 
Rhodamine B  1.18 ± 0.26 0.11 ± 0.02 0.48 ± 0.08 
Rhodamine 101 0.30 ± 0.06 0.65 ± 0.15 0.22 ± 0.04 
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containing different cyclodextrins is different from those of other dyes, with the highest value 
obtained on β-cyclodextrin-modified hydrogel. The diffusion coefficients in α- and ϒ-
cyclodextrin-modified hydrogels are quite close. The rigid and bulky amine substituents are better 
stabilized by α- and ϒ-cyclodextrins relative to β-cyclodextrin. Due to the substituent size on 
rhodamine 101, only part of the substituent can enter α-cyclodextrin but ϒ-cyclodextrin may be 
able to encapsulate the whole substituent. Because of the same size effect, β-cyclodextrin can only 
loosely enclose part of the substituent, leading to high dissociation kinetics, low binding constant 
and commensurate large diffusion coefficient. For fluorescein, rhodamine 110 and rhodamine B, 
the diffusion coefficients in α-cyclodextrin-modified hydrogels are higher than in ϒ-cyclodextrin-
modified hydrogel. This is probably because the small cavity of α-cyclodextrin places more steric 
hindrance on the formation of the inclusion complex, which leads to lower association kinetics 
constants relative to ϒ-cyclodextrin. This trend is also observed on rhodamine 101 but not as 
significant as others. 
The diffusion coefficient sequences on α- and β-cyclodextrin-modified hydrogels do not 
simply follow the substituent size sequence. For example, on α-cyclodextrin-modified hydrogels, 
Drhodamine101<Dfluorescein<Drhodamine110<DrhodamineB. With increasing the substituent size from 
fluoresien to rhodamine B, the binding constant decreases and the diffusion coefficient increases. 
Interestingly, rhodamine 101 which has the largest substituent show the lowest diffusion 
coefficient, probably because part of the hydrophobic substituent that is included in the cavity has 
a larger binding constant than the part of xanthene on fluorescein with α-cyclodextrin. In general, 
steric effects determine the diffusion coefficients on α-cyclodextrin-modified hydrogels, while 
intermolecular forces may contribute to stabilizing the inclusion complexes. For β-cyclodextrin-
modified hydrogels, DrhodamineB<Dfluorescein<Drhodamine110<Drhodamine101. The sequence of substituent 
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size differs from the diffusion coefficient sequence. The cavity size of β-cyclodextrin and 
interactions of the included substituents with the hydrophobic and glycosidic oxygen-rich cavity 
jointly determine the binding constants. As discussed above, the N,N-diethyl substituents of 
rhodamine B have strong interactions with β-cyclodextrin, leading to the low diffusion coefficient. 
For ϒ-cyclodextrin, the diffusion coefficient increases with decreasing the substituent size, 
Drhodamine101<DrhodamineB<Drhodamine 110<Dfluorescein. Because of the large cavity size of ϒ-cyclodextrin, 
molecules with smaller substituent size can enter and leave the cavity following fast kinetics, 
leading to lower binding constants and concomitant higher diffusion coefficients. 
6.3 Effects of Binding Constant on Directed Molecular Transport 
The concentration change rate of analyte molecules at a specific location on a chemical 
gradient 
∂c
∂t
, has two contributors, pure diffusion and gradient-imposed drift, which can be 
described by the diffusion-convection equation based on our previous study†. 
∂c(x,y)
∂t
= ∇ ∙ [D(x, y)∇c(x, y)]-∇ ∙ [v⃗ (x, y)c(x, y)]                 Equation 6.2 
Here, 
∂c(x,y)
∂t
 is the local concentration change rate, D(x, y) is the local diffusion coefficient, 
∇c(x, y) is the local concentration gradient, v⃗ (x, y) is the local gradient-imposed drift velocity. In 
our previous study, we have elucidated that v⃗  is proportional to both the local diffusion coefficient 
D(x, y) and binding site density gradient ∇ρ(x, y), which can be expressed as 
v⃗ (x,y)
D(x,y)
=
α
kBT
∇ρ(x, y), 
where α is a constant. As illustrated in Figure 6.6a-b, molecule A and B are located at the same 
binding site density, but the binding site density gradient for molecule A is higher than B, and thus 
vA⃗⃗⃗⃗  is larger than vB⃗⃗⃗⃗ .   
                                                 
† In collaboration with Dr. Sitt and Prof. Hess at Columbia University. 
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In Chapter 5, Dh[ρ(x, y)], the diffusion coefficient of analyte molecules on a homogeneous 
hydrogel film with binding site density ρ(x, y), was experimentally determined using electrostatic 
interactions as the model system. The diffusion coefficient of analyte molecules decreases 
exponentially with increasing binding site density (Figure 5.13). As the change in binding site 
density along the gradient is relatively slow, the local diffusion coefficient can be approximated 
using a homogeneous hydrogel of the same binding site density, D(x, y) ≈ Dh[ρ(x, y)]. Therefore, 
during the directed transport, as the molecules move along the gradient from lower to higher 
binding site density, D(x, y) gradually decreases. 
 
Figure 6.6. Schematic illustration of (a) molecular transport on a steep (dashed line) and mild 
(solid line) gradient of binding site density, (b) molecule A and B at locations with the same 
binding site density on a steep (i) and mild (ii) gradient, respectively. The binding site density at 
the center of (i) and (ii) is fixed constant and the outside in both cases does not contain binding 
sites. (c) Illustration of the correlation between directed transport rate and binding constant of the 
analyte with gradient.  
 
If two chemical gradients have the same geometric parameters, such as scale and slope, the 
binding site density gradient, ∇ρ(x, y) , at any given location is the same. Intrinsically, 
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D(x, y) depends on the binding constant of the analyte molecule with binding site and the local 
binding site density ρ(x, y) , as discussed in the previous section. With stronger interactions 
(larger binding constants), the diffusion coefficient at a specific binding site density is lower, 
because the molecules spend longer time associating with the binding site during the transport, as 
illustrated in Figure 6.1. It is propsed that increasing the binding constant decreases the directed 
transport rate by reducing the diffusion coefficient and the gradient-imposed drift velocity. For an 
extreme situation, there is no directed transport if the analyte is permanently immobilized on the 
gradient. On the other hand, if the analyte minimally interacts with the gradient, the transport will 
be isotropic instead of directional. Therefore, it is essential that the analyte has appropriate binding 
constants with the gradient to achieve optimal directed transport rate (Figure 6.6c). Interestingly, 
the overall trend of directed molecular transport rate versus binding constant is similar to cell 
migration speed as a function of adhesion on the substrate. With a fixed ligand density on the 
substrate, either a strong or weak binding between the receptors on cell membrane and the ligands 
on substrate leads to slow cell migration [36-38].  
As discussed in the previous section, rhodamine B shows lower diffusion coefficient on β-
cyclodextrin-modified hydrogel than fluorescein. To elucidate the effects of diffusion coefficient 
on directed molecular transport, both dyes were tested on radially symmetric β-cyclodextrin 
gradients. The gradient fabrication is similar to the procedure described in Chapter 5 Section 5.4, 
except that amine-appended cyclodextrins were conjugated to the radially symmetric carboxylate 
gradients resulted from hydrolysis. Two dye spots (0.1µL for each, 0.2 mM in pH 7.4 PBS) were 
dosed outside of the gradient which was marked by the red dashed circle at t=0 (Figure 6.7ai and 
bi). The samples were then transferred to a Petri dish saturated with water vapor at room 
temperature and fluorescence images were taken at selected time points on a fluorescence stereo 
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zoom microscope (Axio Zoom V16, Carl Zeiss Inc., PlanNeoFluar Z 1.0× objective). The same 
dye concentration, dosing method and instrument were employed in all tests in this chapter. By 
comparing Figure 6.7aii-iii with Figure 6.7bii-iii, we can see that fluorescein moves toward the 
gradient center faster than rhodamine B. At t=2 h, rhodamine B starts to accumulate at the rim of 
the gradient while fluorescein already enters the gradient and forms a thick bright region. The 
depletion region which is caused by the faster inward transport by gradient than inward diffusion 
from outside of the gradient, are clearly visible in both cases. Though the directed transport rate is 
slower for rhodamine B, at the nearly equilibrated state after 24 h from the dosing time, most 
molecules of both rhdamine B and fluorescein were directed to the gradient center (Figure 6.7aiv 
and biv). It should be noted that the charges on fluorescein and rhodamine B do not affect the 
directed transport, which is quite different from the cases in Chapter 5, where the electrostatic 
interactions between the analyte molecule and gradient provide the driving forces for the transport. 
Figure 6.8 shows the directed concentration of fluorescein by radially symmetric α- and β-
cyclodextrin gradients. Though the diffusion coefficient of fluorescein in α-cyclodextrin-modified 
hydrogel is higher than in β-cyclodextrin-modified hydrogel (Table 6.1), the directed 
concentration rate on α-cyclodextrin gradient does not seem to be significantly faster than on β-
cyclodextrin gradient.  
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Figure 6.7. Fluorescence images during the directed concentration of (a) rhodamine B and (b) 
fluorescein by radially symmetric β-cyclodextrin gradients. The gradient locations are indicated 
by the dashed red circles in (ai) and (bi). 
 
 
Figure 6.8. Fluorescence images during the directed concentration of fluorescein by a radially 
symmetric (a) β-cyclodextrin gradient and (b) α-cyclodextrin gradient. 
 
The directed concentration of rhodamine B by radially symmetric α- and ϒ-cyclodextrin 
gradients (Figure 6.9) is quite different from the directed concentration by a radially symmetric β-
cyclodextrin gradient (Figure 6.7a). Due to the low binding constants with α- and ϒ-cyclodextrin, 
the diffusion coefficients on the corresponding gradients are high, leading to low collection 
efficiency, as illustrated by the bright backgrounds in Figure 6.9aiv and biv. In contrast, the radially 
symmetric β-cyclodextrin gradient collects most of the rhodamine B molecules (Figure 6.7aiv). 
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Rhodamine 101 has lower diffusion coefficients on α- and ϒ-cyclodextrin than other dyes, 
indicating stronger interactions with both cyclodextrins.  As a result, the directed concentration is 
quite slow compared with fluorescein on α-cyclodextrin gradient (Figure 6.8b) and rhodamine B 
on ϒ-cyclodextrin gradient (Figure 6.9b). The relatively low solubility of rhodamine 101 
compared with other dyes makes the fluorescence images less homogeneous. 
 
Figure 6.9. Fluorescence images during the directed concentration of rhodamine B by a radially 
symmetric (a) α-cyclodextrin gradient and (b) ϒ-cyclodextrin gradient. 
 
 
Figure 6.10. Fluorescence images during the directed concentration of rhodamine 101 by a radially 
symmetric (a) α-cyclodextrin gradient and (b) ϒ-cyclodextrin gradient. 
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6.4 Directed Transport of Aromatic Compounds 
In previous sections, fluorescent dye molecules are used to elucidate the correlation of 
diffusion coefficient with the directed molecular transport performance of cyclodextrin gradients. 
Here, radially symmetric β-cyclodextrin is used to direct the transport of aromatic pesticide 
molecules. Previous studies have shown that cyclodextrins can form inclusion complexes with 
aromatic compounds, and thus were used to detect and remove aromatic pollutants and toxic 
chemicals [39-43]. The supramolecular interactions between the cyclodextrin gradients and 
aromatic molecules can provide an enthalpy profile that drives the anisotropic movement of the 
molecules. 
It can be observed that upon mixing with β-cyclodextrin, peaks at ca. 863, 1117, 1350 and 
1597 cm-1 from paraoxon appear in the spectrum of the mixture (Figure 6.11a) [44, 45]. The 
spectrum of pinacolyl methylphosphonate and β-cyclodextrin mixture is the superposition of both 
spectra, with the peaks of pinacolyl methylphosphonate apparently reduced (Figure 6.11b). 
[Warning: Paraoxon and pinacolyl methylphosphonate are toxic and should be handled following 
safety guidelines with caution.] This is probably due to the weaker interactions of β-cyclodextrin 
with pinacolyl methylphosphonate relative to paraoxon, as β-cyclodextrin often complex stronger 
with aromatic molecules. The spectra of the mixtures indicate the complex formation between β-
cyclodextrin with the organophosphates. Due to the intense Raman signals of the paraoxon-β-
cyclodextrin complex, paraoxon was used in the directed transport study. By dissolving paraoxon 
in ethanol and sprayed on a dry radially symmetric β-cyclodextrin gradient pretreated with pH 7.4 
PBS, followed by incubation in a Petri dish saturated with water vapor at room temperature, we 
can observe that the center of the gradient shows a much higher Paraoxon signal than the pristine 
PAAm film which has no gradient (Figure 6.12). The paraoxon peak intensity is normalized to the 
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intensity of the PAAm backbone which stays constants throughout the sample [46]. However, the 
concentration enhancement ratio is quite low in this case, which can be ascribed to the low 
solubility of Paraoxon in the buffer solution that swells the hydrogel. 
 
Figure 6.11. Raman spectra of (a) paraoxon and β-cyclodextrin mixture and (b) pinacolyl 
methylphosphonate and β-cyclodextrin mixture. The molar ratio of the organophosphate to β-
cyclodextrin is 1:1. Both mixtures are measured in dry state. The inset shows the chemical structure 
of the organophosphates. 
 
 
Figure 6.12. Normalized Raman intensity (intensity at 1350 cm-1/intensity at 1100 cm-1) as a 
function of coordinate along a line scan on (a) radially symmetric β-cyclodextrin gradient and (b) 
pristine PAAm film. 
 
For water-insoluble molecules, for example Amitraz, the directed concentration can be 
achieved by a radially symmetric β-cyclodextrin gradient in PAAm film swollen by dimethyl 
sulfoxide (DMSO). [Warning: Amitraz is toxic and should be handled following safety guidelines 
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with caution.] Amitraz shows strong Raman signals in DMSO and the spectrum of the solution 
comprises peaks from both components (Figure 6.13a) [47]. Amitraz was first dissolved in DMSO 
and then sprayed on the gradient. The sample was transferred to a sealed Petri dish saturated with 
DMSO vapor. The normalized Amitraz Raman signal along a line scan plotted against coordinate 
shows that the intensity at the gradient center is much higher than the outside (Figure 6.13b). 
 
Figure 6.13. (a) Raman spectra of β-cyclodextrin, Amitraz, and a mixture of Amitraz and β-
cyclodextrin in DMSO. (b) Normalized Raman signal of Amitraz (intensity at 1669 cm-1/intensity 
at 1418 cm-1) as a function of coordinate along a line scan across the gradient. 
 
Diphenyl phosphate (DPP) was used to demonstrate the directed concentration of water 
soluble aromatic molecules by radially symmetric β-cyclodextrin gradients. DPP was dissolved in 
ethanol to form a 1 mM solution. The DPP solution was sprayed on a dry PAAm film containing 
the radial β-cyclodextrin gradient using an atomizer to provide a relative uniform and discrete 
dosing over the whole sample. DPP spots were left on the sample surface after ethanol evaporated. 
A surface mapping of the DPP distribution was carried out using mass spectroscopy (TRIFT III 
TOF-SIMS from Physical Electronics).  The sample dosed with DPP was placed in vacuum and 
bombarded with Au+ as primary ions and the ejected negative secondary ion PO3
- (m/z=78.96) was 
used to identify DPP distribution. The DPP after atomizer dosing was shown as discrete spots 
(Figure 6.14a). The dark region at the gradient center appears to have low DPP concentration, 
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probably due to the encapsulation of DPP by cyclodextrin which prevents the ionization. The 
hydrogen ions distribute uniformly on the surface because the cyclodextrin-modified PAAm film 
is their primary source. Since the distribution of oxygen ion is uniform, it is evident that the 
changes of PO3
- signal are caused by the change in DPP concentration on the sample surface. The 
sample was then transferred to a Petri dish saturated with water vapor at room temperature. After 
24 h of incubation, the sample was blown dry with nitrogen and mapped using SIMS again. Figure 
6.14b shows the surface mapping of different ions after the directed concentration. High PO3
- 
signal can be observed near the gradient center on the PAAm film while the PO3
- signal outside of 
the gradient is much lower. The evolution of PO3
- signal distribution indicates the directed 
concentration of DPP by the radially symmetric β-cyclodextrin gradient. Similar to right after 
dosing DPP, the oxygen and hydrogen ions distribute relatively uniform on the sample. 
 
Figure 6.14. SIMS images of the PAAm film containing a radially symmetric β-cyclodextrin 
gradient dosed with DPP before (a) and after (b) the directed concentration. The ion fragments are 
labeled in the figures. 
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6.5 Conclusion 
In this chapter, cyclodextrin gradients were used to study the directed molecular transport by 
enthalpy gradients originated from supramolecular interactions. By using different cyclodextrins 
to modulate the binding constants with the molecule of interest, different diffusion coefficients in 
homogeneous cyclodextrin-modified hydrogels were obtained. The change in diffusion coefficient 
affects the directed transport performance in terms of transport rate and efficiency. Cyclodextrin 
gradients were also used to direct the transport of aromatic compounds which function as 
pesticides. In principle, cyclodextrin gradients have the potential to direct the transport of 
molecules which can form complexes with the corresponding cyclodextrins.  
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CHAPTER 7 
FABRICATION OF RING-SHAPED PARTICLES USING COLLOIDAL 
TEMPLATES 
 
7.1 Introduction 
Nanomaterials refer to materials and structures that have at least one dimension in nanoscale, 
which is typically from 1-1000 nanometers. The small size of nanomaterials enables different 
physical and chemical properties from bulk materials as well as unique capabilities to interact with 
biological objects such as cells, physical matters such as light and heat. Due to these attributes, 
nanomaterials have been extensively studied in the realms of medicine, biomaterials, optics, 
electronics, energy storage and conversion, to name a few. Nanoparticles are probably the most 
widely used form among all nanomaterials.  
To achieve a high level control over materials properties, nanoparticles of desired composition, 
structure, shape and size have been designed and fabricated using many techniques, which can be 
categorized into “bottom-up” and “top-down” strategies.  In addition to composition, size and 
surface chemistry of nanoparticles, which are commonly known to profoundly modulate their 
properties, the shape of nanoparticles also plays an essential role, both as an independent variable 
and cooperating with other factors. To date, the design, fabrication and materials performance of 
anisotropic particles have been actively explored. In particular, for drug delivery applications, 
anisotropic particles may improve therapeutic efficacy and circulation time relative to spherical 
particles [1-3]. The nonspherical particles may exhibit attractive optical properties [4-6]. The 
assembly of such particles can be used to construct materials with unique architectures [7-9]. The 
synthesis of nonspheretical particles includes templating [10, 11], microfluidic assisted synthesis 
[12] and controlled modification of preformed geometries [9, 13]. Different from these procedures, 
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a lithographic approach, particle replication in non-wetting templates (PRINT), has been 
developed to fabricate precisely controlled polymer particles from tens of nanometers to 
micrometer size range for drug delivery and imaging applications [2, 3, 14-17].  
In this chapter, we focus on the fabrication of nanometer-sized ring particles. Ring-shaped 
nanoparticles of different materials have been fabricated using colloidal [18-22] and porous 
alumina templates [21, 23]. For example, colloidal template-assisted three-dimensional 
lithography was developed by our group to fabricate ring-shaped nanoparticles [5]. By a conformal 
coating of materials on the colloidal template followed by a conformal etching, nanorings are left 
on the template. Freestanding nanorings can be fabricated by detaching them from the template 
(Figure 7.1). In this chapter, this technique is extended to fabricating polymer ring particles.   
 
Figure 7.1. Fabrication steps for ring-shaped nanoparticles using colloidal template-assisted three-
dimensional lithography. This figure is reproduced from reference [5]. 
 
7.2 Fabrication of PDMS Ring Particles 
Silicon dioxide (silica) colloidal particles on silicon wafer were used as template to fabricate 
polydimethylsiloxane (PDMS) ring particles. The silica particles were synthesized using a 
modified stöber process. Specifically, silica particles smaller than the target size were used as seeds 
and multiple times of growth were performed on the seed particles to reduce the polydispersity of 
the particle size.  
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Silica particles of 960 nm in diameter were dispersed in ethanol forming a 1 wt% suspension 
and dried on silicon wafer to form the three-dimensional template. PDMS was coated on the silica 
template using a homebuilt chemical vapor deposition (CVD) setup (Figure 7.2).   
 
Figure 7.2. Schematic illustration of the setup for conformal deposition of PDMS. 
 
Multiple pieces of silicon wafer with silica colloidal template were placed in the reaction 
chamber. Nitrogen was first passed through a tube filled with Drierite to remove moisture. The 
bubblers filled with PDMS precursor and water were connected to switches in both upstream and 
downstream to allow separate purging and prevent contamination. The PDMS precursor is 
comprised of dichlorodimethylsilane and methyltrichlorosilane (7: 1 volume ratio). Upon exposed 
to water, both components hydrolyze and form crosslinked PDMS. The purge rate for precursor 
and water is 0.10 liters per minute (LPM). The purge rate for nitrogen is 0.20 LPM. One cycle 
involves four steps in sequence, purging water for 10 min, purging nitrogen for 5 min, purging 
precursor for 10 min and purging nitrogen for 5 min. Typically, five cycles of PDMS deposition 
can form a layer of tens of nanometers in thickness. Increasing the purge rate and number of cycles 
increases the thickness of the deposited PDSM layer.  The SEM images of the template after PDMS 
deposition are shown in Figure 7.3. 
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Figure 7.3. SEM images of the silica colloidal template with a layer of deposited PDMS.  
 
The etching of PDMS was carried out in a sealed chamber at room temperature by 
hydrofluoric acid (HF) vapor generated from an ethanol solution of HF (1 wt%), which was made 
by diluting aqueous HF solution with ethanol. Since the wetting issue is not involved in vapor 
etching and the gas phase diffusion of HF is faster than in solution, the HF vapor etching may be 
more conformal across the whole sample than etching in solution. Vapor etching also makes it 
easy to collect the ring-particles. It was observed that HF etched the silica template much faster 
than PDMS and the difference in etching rate was large enough that the PDMS rings were 
generated and detached from the template. The SEM images during HF etching of the PDMS-
coated template are shown in Figure 7.4.  
The PDMS ring particles were generated after 30 min of HF etching. The size of the ring 
particles did not change noticeably throughout the etching process. The size of the silica colloidal 
particles gradually reduced during etching, releasing the PDMS ring particles from the template. 
After 75 min of etching, the samples were taken out of the sealed chamber saturated with HF vapor, 
dried in air, and exposed to sonication in ethanol water mixture where the PDMS rings were 
detached from the etched silica template. After centrifuging, the PDMS rings mostly stay in 
solution while the silica particles sediment to the bottom. The SEM images of the PDMS ring 
particles are shown in Figure 7.5, illustrating that freestanding PDMS rings can be fabricated using 
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colloidal templates. However, it is challenging to fabricate large ring particles because of the size 
limit of colloidal particles used to form the template. 
 
Figure 7.4. The morphological evolution of the PDMS-coated silica template during HF etching. 
The etching time is included in each image. The SEM images were taken using Hitachi 4800. 
 
 
Figure 7.5. SEM images of the PDMS ring particles. The images were taken using Hitachi 4800. 
 
7.3 Fabrication of Double-Layered Ring Particles 
This fabrication method can be applied multiple times on the colloidal template using different 
materials to generate multilayered ring-shaped particles. The conformal coating and etching of the 
first material leads to the first layer of ring particles on the template. The conformal coating and 
etching of a different material are then applied to the template containing ring particles of the first 
200nm 500nm 5000nm 
135 
 
material, leading to double-layered ring particles. The fabrication process is illustrated in Figure 
7.6. To demonstrate this concept, tungsten and PDMS coatings were applied to the colloidal 
template in sequence.  
 
Figure 7.6. Schematic illustration of the fabrication of double-layered ring particles. 
 
In the first step, tungsten rings were fabricated on the silica colloidal template following the 
procedure reported by our group [5] (Figure 7.7a-b). The template with tungsten rings was coated 
with PDMS via CVD and etched by HF vapor in a sealed chamber (Figure 7.7c-d). The etching of 
silica template was found to be much slower than in previous cases. As the deposition of tungsten 
by CVD was performed at 375 oC, the silica colloidal particles used to form the template were 
calcined at 600 oC to stabilize the shape and volume. The calcinaton may lead to the HF resistance 
during etching. The resulting rings were released from template by sonication (Figure 7.8). It can 
be observed that a layer of PDMS was deposited on the tungsten rings to form the PDMS-tungsten 
double-layered rings but we were not able to determine the thickness of PDMS. 
Ring1@Template Material 2 on Ring1@Template
Double-Layered Rings@TemplateDouble-Layered Ring Particles
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Coating 
of Material 2
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136 
 
 
Figure 7.7. SEM images during the fabrication of double-layered ring particles. (a) Tungsten-
coated silica colloidal template. (b) Tungsten rings on colloidal template after the conformal 
etching of tungsten. (c) PDMS-coated colloidal template containing tungsten rings. (d) 5 h after 
HF etching of the PDMS coating. The SEM images were taken using Hitachi 4800. 
 
 
Figure 7.8. SEM images of the PDMS-tungsten double-layered ring particles. The SEM images 
were taken using Hitachi 4800. 
 
7.4 Conclusion 
In this chapter, the fabrication of ring-shaped particles using three-dimensional lithography 
on colloidal templates has been extended to fabricating PDMS rings. PDMS coating was first 
conformally applied on silica colloidal template and then etched to generate PDMS ring particles. 
The diameter of the rings is controlled by the size of the silica colloidal particles used to form the 
template as well as the etching conditions. We have also attempted to fabricate ring particles of 
other materials, such as polycarbonate and silicon. In general, the three-dimensional lithography 
200nm 150nm 500nm 
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on colloidal template can generate ring particles of a selected size and a narrow size distribution. 
The materials selection is relatively broad, provided the conformal coating and etching techniques 
are available for the material. This method can be applied multiple times on the colloidal template 
to generate multilayered ring particles. We have attempted to fabricate PDMS-tungsten double-
layered ring particles.  
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CHAPTER 8 
ZINC OXIDE NANOWIRE DYE-SENSITIZED SOLAR CELLS 
TEMPLATED VIA COLLOIDAL ASSEMBLY 
 
8.1 Introduction 
Dye-sensitized solar cells (DSSCs) are a class of photo-electrochemical cells, which comprise 
a semiconductor nanoparticle film, a dye sensitizer absorbed on the nanoparticle surface, an 
electrolyte containing a redox system and a counter electrode. As an alternative to conventional 
photovoltaic systems, it may enable low-cost and large-scale solar energy conversion [1, 2]. 
Different from silicon p-n junction photovoltaic devices, where silicon serves as both light 
absorber and charge carrier, these two functions are separated in DSSC. The operating principle 
of DSSC is illustrated is Figure 8.1a. The semiconductor nanoparticle film is mesoporous, 
providing a large surface area for dye loading and a continuous pathway for electron transport 
(Figure 8.1b). Dye immobilized on the mesoporous semiconductor film has a broad absorption 
band and thus enables the harness of a large portion of sunlight (Figure 8.1c-d). The photo-induced 
electron injection from dye to the conduction band of the semiconductor leads to charge separation 
at the interface. The oxidized dye is restored by the redox couple present in the electrolyte, 
typically iodide/triiodide, which intercepts the electron circulated through the external load and 
remains active in the whole photovoltaic loop. The voltage of the cell is determined by the 
difference of the Fermi level of electrons in the semiconductor and the potential of the redox couple 
in electrolyte.  
DSSCs based on nanocrystalline TiO2 film were extensively studied [1, 3-5]. The mesoporous 
TiO2 film has a typical thickness of 5-20 µm and an average pore size of 15 nm. A solar conversion 
efficiency of over 10% was achieved under AM 1.5 illumination. Despite the large surface area of 
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the porous TiO2 film, the electron transport inside the film is hindered by the low electron mobility 
and polycrystalline nature of the film, resulting in the low charge collection efficiency and limited 
photovoltaic performance of the cell [6-8]. The electron collection efficiency can be improved by 
using a dense array of aligned zinc oxide nanowires (ZnO NWs) which provide a high electron 
mobility and direct electron pathway compared to the nanocrystalline TiO2 films [9]. The electron-
hole recombination during electron transport from the injection location to current collector is 
reduced in single crystalline ZnO NWs. In addition to the poor stability of ZnO in the acidic dye 
solution, the major limitation of using ZnO NWs instead of nanoparticles is the low surface area, 
which reduces the dye loading, leading to reduced light harvesting and concomitant low energy 
conversion efficiency.  
 
Figure 8.1. (a) Schematic representation of the working principle of DSSC. (b) SEM image of 
nanocrystalline TiO2 (anatase) film used in DSSC. (c) Geometrical structure of N719 dye in the 
protonated form absorbed on TiO2 surface. (d) Experimental and theoretical absorption spectra of 
N719 on TiO2. Figures are reproduced from reference [5, 10].  
140 
 
To enhance both the electron collection and light harvesting efficiency, many designs on ZnO 
NW-based electrodes have been reported. In general, there are two strategies, one is to increase 
the optical path length of light and the other is to enlarge the surface area for dye loading. In one 
example, ZnO NWs were coated on optical fibers, which provide multiple times of total reflection 
to increase the light harvesting and solar energy conversion efficiency [11]. Photonic crystals, 
which increase the light-matter interaction via diffraction, dielectric mirror effects, and resonant 
modes, were coupled onto electrodes to enhance the solar cell performance [12, 13]. In a different 
approach, where surface area is enlarged for improved dye loading, hierarchical ZnO NW-
nanosheet architectures and TiO2 nanoparticle-ZnO NW composites were demonstrated to 
increase the light harvesting [14, 15]. Increasing the length of ZnO NW is also a way to increase 
the solar energy conversion efficiency [16]. 
In this chapter, we use colloidal template to fabricate three-dimensional ZnO NW arrays. The 
ZnO NWs are grown on a ZnO/Zn(OH)2 seed layer conformally coated on the colloidal template 
and point to all directions. Such ZnO NW array improves both the active surface area and light 
scattering, and thus enhances the DSSC performances. It has been demonstrated in ZnO 
nanocrystalline electrodes that increasing light scattering inside the electrodes improves light 
harvesting [17, 18]. Here, the same principle is applied to ZnO NW electrode. 
8.2 Fabrication of Three-Dimensional ZnO NW Electrodes 
Polystyrene (PS) colloidal assembly was used as template for constructing three-dimensional 
ZnO NW arrays. The fabrication procedure is illustrated in Figure 8.2. In the first step, PS particles 
were assembled and annealed to create necking on ZnO coated FTO substrates. The as-received 
FTO substrate was first cleaned by Piranha and then dip-coated in saturated zinc acetate ethanol 
solution. The dip-coated substrate was blown dry by nitrogen and calcined at 350 oC for 30 min. 
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The iterative process of dip-coating followed by calcination was applied three times to ensure a 
full coverage of ZnO on the FTO substrate. The colloidal template was coated with ZnO/Zn(OH)2 
using a home-built chemical vapor deposition (CVD) setup (Figure 8.3), where diethylzinc (1.0 M 
in hexane) was used as the precursor. One cycle of CVD deposition consists of four steps in 
sequence, purging ethanol with nitrogen at a flow rate of 0.15 liters per minute (LPM) for 10 min, 
purging nitrogen at 0.20 LPM for 5 min, purging diethylzinc with nitrogen at 0.15 LPM for 10 min 
and purging nitrogen at 0.20 LPM for 5 min. The coating takes four cycles to finish. Diehtylzinc 
reacts with ethanol on the template surface and forms Zn(OEt)2, which is then partially converted 
to ZnO by treating the coated samples with water vapor at 45 oC for 2 h after CVD [19]. Another 
possible reaction route is that diethylzinc is hydrolyzed into Zn(OH)2 by absorbed water on the 
colloidal template surface [20-22]. Thus, the coating should comprise three components, i.e. ZnO, 
Zn(OH)2 and Zn(OEt)2, and it is simply denoted as ZnO/Zn(OH)2 in this chapter. 
The ZnO NWs were grown on the ZnO/Zn(OH)2-coated PS template following a reported 
procedure [9]. Specifically, the coated samples were immersed in a solution containing zinc nitrate 
hexahydrate (1.12 mmol, 0.3347 g), hexamethylenetetramine (1.12 mmol, 0.1577 g), 
polyethylenimine (50 % aqueous solution, 0.40 g) and water (Millipore, 45.0 g) at 95 oC for 4 h. 
The PS template was removed by calcination at 500 oC for 2 h after a slow temperature ramp at 1 
oC/min. ZnO NWs were grown inside the cavity generated by removing the template using the 
same method as described above. 
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Figure 8.2. Fabrication procedure of three-dimensional ZnO NW DSSC electrode. 
 
 
 
Figure 8.3. Schematic illustration of the CVD setup for conformal coating of ZnO/Zn(OH)2. 
 
To test the quality of the coating, silicon wafers were covered with ZnO/Zn(OH)2 using this 
CVD setup. As can be observed on Figure 8.4a, the ZnO/Zn(OH)2 coating is uniform on silicon 
wafer. PS colloidal template was also coated with ZnO/Zn(OH)2 via CVD and then immersed in 
toluene for 24 h to dissolve the PS particles. ZnO/Zn(OH)2 inverse opal was generated as shown 
in Figure 8.4b-c. By comparing the photographs of PS colloidal template with ZnO/Zn(OH)2 
inverse opal in Figure 8.4d, we can confirm that the home-built CVD can create a uniform and 
dense coating on three-dimensional colloidal templates. 
Template ZnO Coating Grow ZnO NW 
Remove TemplateGrow ZnO NW 
Tem late Seed Co ting Grow Zn W
Remove Template
Te plate ZnO Coating Gro  ZnO N  
Remove Te lateGrow ZnO N  Grow Z NW
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Figure 8.4. SEM images of (a) ZnO/Zn(OH)2-coated silicon wafer by CVD and (b-c) 
ZnO/Zn(OH)2 inverse opal after the PS template was removed. (d) Photograph of PS colloidal 
template (left) and ZnO/Zn(OH)2 inverse opal (right) as shown in (b-c). 
 
The ZnO/Zn(OH)2 layer deposited on PS colloidal template can serve as the seed layer for 
growing ZnO NWs. As illustrated in Figure 8.5a-b, ZnO NWs were gown from a ca. 30-nm thick 
ZnO/Zn(OH)2 layer deposited by CVD on the silicon wafer. The ZnO NWs exhibited an average 
diameter of ca. 54 nm and average length of ca. 780 nm. In the other example, a layer of ZnO 
quantum dots was coated on top of the CVD-deposited ZnO/Zn(OH)2 layer and ZnO NWs were 
grown from the quantum dot layer under the same growth conditions (Figure 8.5c-d). These ZnO 
NWs had an average diameter of ca. 45 nm and average length of ca. 600 nm. Therefore, the CVD-
coated ZnO/Zn(OH)2 layer works effectively as the seed for growing ZnO NWs, similar to ZnO 
quantum dot layer which is often used in literature.  
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Figure 8.5. SEM images of ZnO NWs grown on (a, b) a silicon wafer coated with ZnO/Zn(OH)2 
by CVD and (c, d) a ZnO quantum dot seed layer deposited on a CVD-coated ZnO/Zn(OH)2 layer 
on silicon wafer. 
 
To fabricate the three-dimensional ZnO NW electrode, ZnO NWs were first grown on the 
ZnO/Zn(OH)2-coated PS template (Figure 8.6a). After removing the PS particles, hollow spheres 
with ZnO NWs on the outside were created (Figure 8.6b). After a second growth of ZnO NWs, the 
cavities in Figure 8.6b were filled with ZnO NWs (Figure 8.6c-d). It is interesting to observe that 
the ZnO NWs stopped growing when the length approached the radius of the PS spheres. SEM 
images of ca. 3-µm thick three-dimensional ZnO NW array electrode are shown in Figure 8.7. The 
ZnO NWs filled most of the cavity space. 
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Figure 8.6. SEM images of (a) PS colloidal template coated with ZnO NWs, (b) three-dimensional 
ZnO NW array after the template was removed, (c) the outside of the three-dimensional ZnO NW 
array with ZnO NWs grown inside the cavities and (d) ZnO NWs grown inside a cavity. The PS 
colloidal particles in (a-b) were ca. 700 nm in diameter and (c-d) were ca. 2000nm in diameter. 
 
 
Figure 8.7. SEM images of the three-dimensional ZnO NW array electrode. (a) Cross-sectional 
image and (b) top view of a crack region. 
 
8.3 Size Effect of Template Particles 
The wavelength and intensity of scattered light by colloidal particles depend on the particle 
size. It was our hypothesis that the size of the colloidal particles used as templates for generating 
three-dimensional ZnO NW array should affect the light harvesting and dye solar cell efficiency. 
It was previously reported that the length and diameter of ZnO NWs determine the intensity and 
wavelength of the scattered light [23]. In our study, the diameter of ZnO NWs was kept constant. 
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Since the diameter of the PS particles places a limit on the length of ZnO NW grown inside the 
cavity, it may affect the intensity of scattered light by the three-dimensional ZnO NW array. If the 
scattered light covers the absorption spectrum of the dye, the photon harvesting will be enhanced, 
leading to an increase in open-circuit current and overall energy conversion efficiency [17]. 
To elucidate the effects of the particle size on the energy conversion efficiency, monolayers 
of PS particles of different diameters were used to create three-dimensional ZnO NW arrays 
(Figure 8.8a and c). The PS particles were first collected from the commercial aqueous suspension 
by centrifuging and then dispersed in ethanol with optimized concentrations. The ethanol 
suspension of PS particles was spin-coated on the ZnO-covered FTO substrates using size-
dependent spin rates. After forming the monolayers, ZnO NWs were grown using the procedure 
discussed in the previous section. Two-dimensional ZnO NW array of 2 µm in length was 
assembled into DSSCs and tested (Figure 8.8b and d). 
 
Figure 8.8. Schematic illustration of (a) three-dimensional and (b) two-dimensional ZnO NW 
array. SEM images of (c) three-dimensional and (d) two-dimensional ZnO NW array. 
 
The as-fabricated ZnO electrodes were first heated to 200 oC to remove moisture, cooled down 
to 80 oC and immersed in N719 dye solution made in acetonitrile for 1 h. The sensitized electrodes 
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were rinsed with ethanol and blown dry with nitrogen. The counter electrode was Pt-coated FTO 
substrate made by pasting Pt precursor (Solaronix) followed by calcination at 450 oC. The 
electrolyte contains iodine (0.254 g), lithium iodide (0.134 g), tetrabutylammonium iodide (2.216 
g), tert-butylpyridine (0.676 g) and acetonitrile (7.33 g). 
The performance of the DSSCs based on three- and two-dimensional ZnO NW arrays was 
measured and the results are summarized in Table 8.1. The I-V curves were measured under AM 
1.5 illumination using a full-spectrum solar simulator (Oriel, 91192, 1000 W, 4×4 inch). The 
efficiency as a function of PS particle size is plotted in Figure 8.9a. Because of the difference in 
particle size, the thickness of the electrodes based on three-dimensional ZnO NW array is also 
different. To rule out the thickness effects, the efficiency was normalized by dividing the 
efficiencies in Figure 8.9a by the particle diameter (Figure 8.9b). It can be seen that the three-
dimensional ZnO NW array electrodes fabricated using 400 nm PS particles showed the highest 
normalized efficiency. The general trend is that the normalized efficiency decreases as the PS 
particle size increases. This is probably caused by the reduced total surface area and reduction in 
scattered light which can be absorbed by the dye as the particle size increases. In the following 
section, 300 and 400 nm PS particles were used to form the template for fabricating three-
dimensional ZnO NW array electrodes. 
Table 8.1. Summary of the short-circuit current density (Jsc), open-circuit voltage (Voc), fill factor 
and light conversion efficiency (ƞ) of DSSCs. 
 
Particle Diameter (nm) Jsc (mA/cm2) Voc (V) Fill Factor η(%) 
300 1.82 0.60 0.377 0.371 
400 3.40 0.64 0.318 0.615 
600 2.34 0.65 0.345 0.472 
800 2.62 0.66 0.310 0.486 
 1000 2.86 0.58 0.296 0.587 
 2000 2.92 0.53 0.231 0.324 
 2700 2.77 0.52 0.216 0.285 
2D ZnO array: 2000 nm 1.01 0.62 0.355 0.202 
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Figure 8.9. (a) Light conversion efficiency of DSSC as a function of PS particle size. (b) 
Normalized efficiency per micrometer of particle diameter. 3D represents three-dimensional and 
2D represents two-dimensional. 
 
8.4 Solar Cell Performance of ZnO NW Electrodes 
Three-dimensional ZnO NW arrays were fabricated using PS colloidal particles of 300 and 
400 nm in diameter following the procedure shown in Figure 8.2. Two-dimensional ZnO NW array 
of 15-µm thickness was assembled into DSSC and tested as a reference. The detailed performances 
were shown in Figure 8.10 and Table 8.2. As illustrated by the I-V and incident-photon-to-current 
conversion efficiency (IPCE) curves, the three-dimensional ZnO NW electrodes fabricated using 
400 nm PS particles have the best DSSC performances (Figure 8.10). These DSSCs show highest 
external quantum efficiency in the wavelength range where N719 dye has strong absorption (300-
600 nm) (Figure 8.10b). The high short-circuit current density indicates that the light harvesting is 
improved relative to other samples [18]. It is worth mentioning that the two-dimensional ZnO NW 
array of 15-µm thickness only shows an efficiency of 0.88%, lower than all three-dimensional 
ZnO NW arrays which are ca. 5 µm in thickness. According to literature, the longest two-
dimensional ZnO NW array (ca. 33 µm) leads to an energy conversion efficiency of 2.1% [16]. 
Further increasing the length of ZnO NWs may result in a slower increase or even decrease in 
DSSC performances due to the increased possibility of charge recombination while the photo-
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generated electrons travel to the current collector through the ZnO NWs. Therefore, the three-
dimensional ZnO NW architecture is an effective way to achieve high performance DSSCs. 
 
Figure 8.10. (a) Current density as a function of voltage for DSSCs based on three- and two-
dimensional ZnO NW arrays. (c) Incident-photon-to-current conversion efficiency (IPCE) as a 
function of wavelength of the DSSCs in (a), measured using OL 750 spectroradiometer (Optronic 
Laboratories). The diameter of PS particles is indicated in the figures. 
 
Table 8.2. Summary of DSSC performances of three- and two-dimensional ZnO NW array 
electrodes in terms of short-circuit current density (Jsc), open-circuit voltage (Voc), fill factor and 
light conversion efficiency (ƞ). 
 
 
8.5 Conclusion 
Colloidal assembly can be used as template to fabricate three-dimensional ZnO NW arrays. 
Compared with conventional two-dimensional ZnO NWs on flat current collectors, the three-
dimensional arrays have larger surface area and show improved light scattering properties, which 
both lead to increase in light harvesting and energy conversion efficiency.  The DSSCs based on 
ca. 5-µm thick three-dimensional electrodes show higher efficiency than ca. 15-µm thick two-
dimensional electrodes. The use of three-dimensional ZnO NW array as photoanode provides an 
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effective strategy to improve the performance of ZnO NW-based DSSCs, showing advantages of 
fast electron collection, enhanced light harvesting and energy conversion efficiency. 
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CHAPTER 9 
SUMMARY AND FUTURE DIRECTIONS 
 
9.1 Summary of Dissertation 
Polyacrylamide (PAAm) is a widely used and well-studied hydrogel material. It has been used 
as the model system of ideal elastomeric hydrogels to study the hydrogel volume change and as 
the diffusion medium in electrophoresis. Many properties of PAAm have been reported in 
literature, facilitating the future construction of experimental and theoretical work using PAAm-
based systems. In this dissertation, PAAm was selected as the platform to bridge the chemical 
structure and property of hydrogel materials. Using PAAm hydrogel systems, we have exploited 
two distinct applications, one involving the stimuli-responsiveness of hydrogels and the other 
relied on hydrogels as the molecular diffusion medium. PAAm hydrogels were chemically 
modified to include functionalities for these applications. 
To be used as materials in this dissertation, PAAm hydrogels need to be mechanically robust 
to maintain the integrity during handling, chemical modification and test. For sensor applications, 
the crosslink density and monomer concentration need to be optimal to generate adequate volume 
change magnitude and kinetics. The crosslink density and polymer content of the hydrogel need 
to provide appropriate mesh size for analyte diffusion for both sensor and diffusion medium 
applications. PAAm hydrogels of different crosslink densities and monomer concentrations were 
synthesized and used to study how these two determinants affect the volume change and 
mechanical strength. Specifically for studies in this dissertation, formulations for synthesizing 
PAAm films have been optimized. 
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In the glucose sensor study, phenylboronic acid (PBA) was attached to PAAm hydrogel films 
to provide glucose responsiveness under simulated physiological conditions. Photonic crystal was 
embedded in the glucose responsive hydrogel to transduce the volume change to diffracted 
wavelength shift. By varying the quantities of PBA, the response magnitude and kinetics can be 
changed. By using PBAs of different chemical structures, i.e. types of substituents, positions of 
the boronic acid group and substituents, such performances can be modulated profoundly. We have 
correlated the PBA chemical structure with the sensing performance of the glucose responsive 
hydrogels. Most PBAs that we have studied result in nonlinear and fast response to glucose in the 
physiological concentration range because the PBA-modified hydrogels shrink at low glucose 
concentration and swell at high glucose concentration. Some PBAs with low reactivity lead to 
linear and slow response in the physiological glucose range, but the response starts to deviate from 
linearity when glucose concentration further increases. To achieve both linear response and fast 
kinetics, volume resetting agent was incorporated into hydrogels modified with nonlinear and fast 
PBAs to shrink the volume before glucose sensing. The resulting composite hydrogel only expands 
when exposed to glucose. Structural parameters including the type and concentration of PBA and 
co-functionality can be used to tune the response magnitude and kinetics. 
In the directed molecular transport study, PAAm hydrogel films were locally modified to 
generate built-in chemical gradients of directional and radially symmetric geometries. PAAm 
hydrogel here provides the diffusion medium and immobilizes functionalities that can chemically 
or physically interact with analytes. The enthalpy gradients resulted from the interactions of 
analyte molecules with built-in chemical gradients in PAAm hydrogel films drive the downhill 
transport of molecules from high to low enthalpy region, even such transport leads to the 
concentration of analytes. We have used enthalpy gradients of electrostatic interactions to 
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directionally move and concentrate charged molecules in PAAm hydrogel films. By changing the 
geometries of the radially symmetric gradients, different concentration enhancement ratios of 
charged molecules were obtained. Boronic acid-to-cationic gradients, which have orthogonal 
interactions with analytes, can separate charged mixtures composed of pyranine and rhodamine B. 
We have also studied supramolecular enthalpy gradients using cyclodextrin as the model system. 
The cyclodextrin gradients can direct the transport of molecules that form complexes with the 
corresponding cyclodextrins, showing potential to manipulate a broad range of organic molecules. 
Modulating the binding constants with analyte molecules using different cyclodextrins can change 
the directed transport performance of the gradients. The concept of using built-in enthalpy 
gradients to achieve the anisotropic molecular transport may enable devices that can autonomously 
manipulate molecules of interest without the need of external input. 
To conclude, the structure-property correlation of hydrogel materials has been explored in this 
dissertation. Materials for molecular sensing and transport have been fabricated and characterized. 
The methodologies and results in this dissertation may facilitate future efforts in design and use of 
hydrogel materials. We believe that desired hydrogel properties can be achieved by a rational 
design and modulation of the hydrogel structures. 
9.2 Future Directions 
9.2.1 Hydrogel Glucose Sensor Materials 
The next step of the hydrogel glucose sensor project has two aspects, one is to construct an 
implantable device using the sensor material and the other is to study the in vivo performance. The 
working principle of the proposed sensor device is the same as the test fixture shown in Figure 3.8 
in Chapter 3. The design of sensor device is illustrated in Figure 9.1. To build sensor device, the 
hydrogel sensor material needs to be attached to an optical fiber tip, adapting configurations of 
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optical fiber-based sensors [1-3]. The optical fiber is connected to the light source and spectrometer. 
The light source sends white light to the sensor material and the reflected light is delivered to the 
spectrometer connected to a computer where the results are processed and displayed. For in vivo 
measurements, the optical fiber can be inserted into blood vessels of an animal, where the 
continuous measurements of glucose levels can be conducted for a selected period of time. A series 
of in vivo test can be conducted to understand the joint effects of all biological factors, including 
temperature, pH and blood components. Further study on the sensor material will mainly focus on 
improving the in vivo performance. 
 
Figure 9.1. Schematic illustration of the glucose sensing device used for in vivo study. 
 
9.2.2 Directed Molecular Transport 
Future directions of the directed molecular transport study using hydrogel films will focus on 
(i) achieving high concentration enhancement ratio using radially symmetric gradients; (ii) 
manipulating the transport of molecules that are of broad interest, such as hazardous compounds 
and drugs; (iii) patterning and integrating gradients of different geometries. 
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In principle, high concentration enhancement ratio can be achieved by sweeping all the 
molecules introduced on a hydrogel film into an infinitely small area. However, in real situations, 
the area where molecules are concentrated to has a finite size and limited capacity to accommodate 
molecules. By reducing size and increasing capacity of the concentrating area, the concentration 
enhancement ratio can be improved on a film with fixed dimensions. To effectively direct 
molecules to the concentration spot, radially symmetric gradients are needed. A hierarchical 
gradient consisting of a wide gradient on the outside and a narrow gradient inside may hold the 
potential to effectively deliver molecules to the concentrating area (Figure 9.2a). 
The directed concentration of hazardous compounds and drugs is of great interest for 
applications such as improving the detection limit of sensors, removing hazardous compounds and 
enhancing the efficiency of targeted drug delivery. The hazardous compounds include pesticide, 
persistent organic pollutants, heavy metal ions and polycyclic aromatic hydrocarbon. To achieve 
the directed concentration of these molecules, interactions with optimal binding constants need to 
be incorporated into the gel medium. Chemical gradients resulted from such interactions can be 
used for the directed concentration. By optimizing the gradient geometry, a large concentration 
enhancement ratio can be achieved. 
Patterning gradients allows integrating multiple functions into one piece of hydrogel film, 
which is a step toward making autonomous molecular transport devices. This design concept aims 
at achieving high integration level of functions, similar to what has been actively exploited in the 
microfluidic field [4-6]. The patterning of gradients on PAAm hydrogel films can be achieved by 
patterning reactive species which can locally hydrolyze the amide groups into carboxylates. The 
resulting carboxylate patterns on PAAm films can be converted to patterns of selected 
functionalities via coupling reactions. By patterning two orthogonal gradients on a hydrogel film, 
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a binary mixture can be separated and each component can be concentrated to predefined locations 
(Figure 9.2b). 
 
Figure 9.2. Schematic illustration of (a) a hierarchical gradient with a wide gradient on the outside 
and a narrow gradient inside, and (b) a hydrogel film containing patterned orthogonal gradients 
for directed separation and concentration of a binary molecular mixture. 
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